J. Grifka 

DJ. Ogilvie-Harris 




Fundamentals 
tj and Strategies 
for Joint-Preserving 
Treatment 





IKl 


vyK 


Wm.i 








J. Grifka DJ. Ogilvie-Harris (Eds.) • Osteoarthritis 




springer 

Berlin 

Heidelberg 

New York 

Barcelona 

Hong Kong 

London 

Milan 

Paris 

Singapore 

Tokyo 




J. Grifka D.J. Ogilvie-Harris 
E ditors 



Osteoarthritis 

Fundamentals and Strategies 
for Joint-Preserving Treatment 



With 102 Figures, 46 in Colour, and 36 Tables 




Springer 




Joachim Grifka, MD 
Professor of Orthopaedic Surgery 
Department of Orthopaedics, St. Josef-Hospital 
Ruhr-University Bochum 
Gudrunstrasse 56, 44791 Bochum, Germany 

Darrell J. Ogilvie-Harris, MD 

Professor of Orthopaedic Surgery 

University of Toronto and the Toronto Hospital 

Edith Cavell Wing 1-032 

399 Bathurst Street, Toronto M5T 2S8, Canada 



ISBN 978-3-642-87754-4 



Cataloging-in-Publication Data applied for. 

Die Deutsche Bibliothek - CIP-Einheitsaufnahme 

Osteoarthritis: fundamentals and strategies for joint preserving treatment; with 36 tables/ 
J. Grifka; D.J. Ogilvie-Harris (ed.). - Berlin; Heidelberg; New York; Barcelona; Hong 
Kong; London; Milan; Paris; Singapore; Tokyo: Springer, 2000 
ISBN 978-3-642-87754-4 ISBN 978-3-642-87752-0 (eBook) 

DOI 10.1007/978-3-642-87752-0 



This work is subject to copyright. All rights are reserved, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illus- 
trations, recitation, broadcasting, reproduction on microfilm or in any other way, and 
storage in data banks. Duplication of this publication or parts thereof is permitted only 
under the provisions of the German Copyright Law of September 9, 1965, in its current 
version, and permission for use must always be obtained from Springer- Verlag. Violations 
are liable for prosecution under the German Copyright Law. 

© Springer- Verlag Berlin • Heidelberg 2000 
Softcover reprint of the hardcover 1st edition 2000 

The use of general descriptive names, registered names, trademarks, etc. in this publica- 
tion does not imply, even in the absence of a specific statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general 
use. 

Product liability: The publisher cannot guarantee the accuracy of any information about 
dosage and appHcation contained in this book. In every individual case the user must 
check such information by consulting the relevant literature. 

Production: PRO EDIT GmbH, Heidelberg, Germany 
Cover design: design & production, Heidelberg, Germany 
Typesetting: K+V Fotosatz GmbH, Beerfelden, Germany 

Printed on acid-free paper SPIN 10725937 24/3135Di 5 4 3 2 1 0 




Preface 



Osteoarthritis is one of the biggest challenges in orthopaedics 
today. Knee joint surgery has gone through a revolution dur- 
ing the last two decades. In the 1980s arthroscopy found a 
wide-spread application, due to developments in technology, 
i.e. optical systems and miniaturized instruments. In the 1990s 
we experienced a significant improvement in knee endopro- 
thetics with functionally optimized designs to avoid major 
stress and to support correct load distribution. Nevertheless, 
joint replacement means a surrender. It marks the limits of 
our capability to keep the joint itself in physiological function. 
Moreover, our possibilities for treating cartilage destruction by 
common arthroscopic techniques are limited to debridement 
and abrasion arthroplasty, which is controversial because of 
postoperative problems and fibrocartilage substitute tissue. For 
years arthroscopy has seemed to remain at a plateau. 

Big expectations had been placed on laser cartilage smooth- 
ing, but laser treatment has not yielded convincing results in 
follow-ups over the last five years; new laser techniques are yet 
to be seen. 

On the other hand an increasing number of people are 
reaching old age, causing a higher percentage of our popula- 
tion to suffer from osteoarthritis with typical symptoms such 
as swelling, reduced mobility and restricted fitness for every- 
day life. Moreover, we are facing specific problems of osteoar- 
thritis in young and middle-aged people due to cartilage de- 
struction. 

Due to these different circumstances the authors felt that 
there was a need to present today’s knowledge of the patho- 
genesis and biomechanics of osteoarthritis, the different opera- 
tive techniques for joint preservation and conservative treat- 
ment. We are happy that we can present a collection of contri- 
butions from leading experts working in the different fields for 
many years. As new techniques for cartilage restoration, such 
as autologous chondrocyte transplantation or bone cartilage 
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transposition are the focus of clinical and scientific analyses 
we also gave room to present these. 

We like to thank all the contributors for sharing their ex- 
perience with us, giving us an overview of the different as- 
pects of joint-preserving treatment. We are optimistic that this 
synopsis will enhance our understanding of present concepts, 
initiate further discussion, help us to assess our own points of 
view and hopefully to develop ideas for further improvement. 

For considerable financial support for this project we should 
like to thank the Ministry of Schools and Education, Sciences 
and Research of Nordrhein-Westfalen. 

Autumn 1999 Joachim Grifka 

Darrell J. Ogilvie-Harris 
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Epidemiologic and Economic Aspects of Osteoarthrosis 



M. WiLDNER and O. Sangha 



Epidemiologic Aspects 

Introduction and Definitions 

Osteoarthrosis (OA), i.e. degenerative joint disease, is the most common 
form of joint affection in humans and is responsible for a large propor- 
tion of morbidity in populations. It is of enormous economic importance 
in developed countries. 

Research in OA has been complicated through a variable use of defini- 
tions, mainly centered around the question whether radiological criteria, 
clinical criteria, or a combination of both are used. 

Although various definitions of OA have been proposed, it was not until 
1986 that an explicit standard definition for OA was developed by the Sub- 
committee on OA of the American College of Rheumatology Diagnostic and 
Therapeutic Criteria Committee: “A heterogeneous group of conditions that 
lead to joint symptoms and signs which are associated with defective integ- 
rity of articular cartilage, in addition to related changes in the underlying 
bone at the joint margins” (Altman et al. 1986; Altman 1991). 

The diagnosis of OA in epidemiological studies, as well as in clinical 
medicine, can be made by history taking (e.g. structured questionnaire), 
by physical examination (e.g. in a study center or by field investigation) 
or by special technical examinations (e.g. X-rays or laboratory exams). 
Traditionally, diagnosis of OA in epidemiological studies has relied on ra- 
diological examinations, with reference to the typical joint and bone 
characteristics described in the Atlas of Standard Radiographs (University 
of Manchester 1973). Such characteristics relate to: (a) osteophyte forma- 
tion, (b) periarticular ossicles, (c) narrowing of joint space and sclerosis, 
(d) cysts and (e) deformity. Assessment of these changes are expressed 
on an ordinary severity scale with the expression 0 (normal), 1 (doubt- 
ful), 2 (minimal), 3 (moderate) and 4 (severe). 

Furthermore, the cited Committee of the American College of Rheuma- 
tology proposed a classification of subsets of osteoarthrosis (Table 1). 

In addition to diagnostic definitions, descriptive measures of disease 
frequency should be of explicit nature. Is the investigation directed to- 
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Table 1. Classification of OA (Subcommittee on OA of the American College of Rheumatology Diag- 
nostic and Therapeutic Criteria Committee) 

I Idiopathic 

A Localized (1 = hands, 2 = feet, 3 = hip, 4 = knee, 5 = spine, 6 = other single sites) 

B Generalized 

II Secondary 

A Post-traumatic 

B Congenital or development disease (1 = localized, 2 = generalized) 

C Calcium deposition disease 
D Other bone and joint disorders 
E Other diseases 



Table 2. Epidemiologic concepts for disease frequency: prevalence and incidence 

Prevalence Number of existing cases in a population^ 

Incidence Number of new cases in a population ^ 

^ Total population, at a point in time or over a period of time. 

^ Study population, which does not have the disease at the beginning. May be replaced by person 
time, i.e. the product of individuals and their contributing observed time in the study. 



wards the risk estimates of getting OA (incidence), or the risk of having 
OA (prevalence)! Table 2 differentiates between these two distinct con- 
cepts. 

Moreover, it is necessary to define the time frame of an investigation 
in OA patients. Does “having OA” mean that osteoarthrotic symptoms or 
signs need to be present right at the moment the question is posed (point 
prevalence)! Does it refer to the past, e. g. 1 or 3 months (period preva- 
lence)! Or does it refer to one’s lifetime up to now? 



Disease Frequency 

Compared to other countries, e.g. the United States or the United King- 
dom, there are basically no epidemiological data about large-scale radio- 
graphic surveys in Germany. Questionnaire-based national health surveys 
are of limited use because the diagnosis of OA requires advanced exami- 
nations, e.g. radiological methods. However, questionnaire-derived data 
can be supplementeci with other information sources to derive an esti- 
mate of OA prevalence in Germany. About 5 million people (6% of the 
population), suffer from OA at any time (point prevalence), without con- 
sideration of back pain, and the prevalence over a period of months is es- 
timated at 15 million. This difference in the prevalence figures is due to 
remission of symptoms and relatively pain-free intervals in the course of 
this chronic disease. 
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In principle, every joint can be affected by OA, with large joints of the 
lower extremity and the spine being predominantly involved. Table 3 
gives estimations for the prevalence of OA in Germany. 

This estimation is potentially not satisfactory, not only because the 
data have been derived indirectly, but also because it aggregates OA of 
various types and different origin (see Table 1). Several international 
studies have made a population-based assessment using X-ray examina- 
tion of several joints. Table 4 gives an example for three common local- 
izations of OA. 



Risk Factors 

Epidemiological studies allow the identification of risk factors as long as 
biologic plausibility is given and if other competing explanations or fac- 
tors of known influence are controlled for. Examples for such “other fac- 



Table 3. Estimated point prevalence (as percentage) of arthropathies and osteoarthrosis in Germany: 
stratified by age and sex 



Arthropathies 






Osteoarthrosis 




Age (years) Men 




Women 


Men 




Women 


25-29 3.3 




3.3 


0.4 




0.4 


30-39 4.6 




5.3 


0.8 




0.9 


40-49 7.7 




12.5 


2,2 




3.6 


50-59 18.5 




25.5 


8.1 




10.7 


60-69 23.7 




27.7 


13.4 




16,1 


Total 11.8 




15.4 


5.0 




6.5 


Source: DHP-Survey 1990- 


-1991, own 


estimates of point prevalence. 






Table 4. Point prevalence of osteoarthrosis by radiological criteria in The Netherlands for the distal 


interphalangeal joints of the hand (DIP-joint), the knee and the hip 






DIP-|omt 




Knee (right) 




Hip (right) 


Age (years) Men 


Women 


Men 


Women 


Men 


Women 


25-34 1.2 


0.4 




— 


- 




35-44 5.5 


6.6 


- 




- 


- 


45-54 18 J 


30.6 


9.3 


14.2 


2.5 


2.3 


55-64 44J 


61,5 


16.8 


18.6 


7.8 


3.1 


65-74 54J 


75.5 


20.8 


26.1 


8.5 


12.5 



The figures in the table represent the percentage of affected persons in the study population. Source: 
Zoertermeer Community Survey (Van Sasse et al. 1989). 
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tors” (confounders) are age and sex, which clearly have a strong indepen- 
dent effect on the risk of developing OA and this may be associated with 
“candidate” risk factors such as being overweight or assumed protective 
factors such as osteoporosis. A distinction may also be made between 
modifiable risk factors, such as obesity, and not modifiable risk factors 
such as age or gender. If biologic plausibility of an identified factor is un- 
certain, it is preferable to use the term risk predictor until a causal rela- 
tionship has been established. 

Epidemiologic evidence for risk factors is of an indirect nature, based 
on statistical association excluding alternative explanations, and needs 
confirmation by other studies. Therefore, risk factors for OA should be 
divided into three groups based on the strength of the evidence: risk fac- 
tors with widespread consensus, probable risk factors, and controversial 
risk factors. An overview of the current discussion about risk factors in 
OA is shown in Table 5. 

The concept of a causal chain, i.e. risk factors with a varying causal 
“distance” to the disease, that start a sequence of (modifiable) events, and 
the concept of sufficient, necessary and partial causes as parts of more 
complex causal relationships are worthwhile of being considered briefly. 
One example would be the development of OA following a slight post- 
traumatic joint incongruency together with habitual joint instability and 
increasing weight due to limited activity - clearly a multicausal process 
with various risk factors interacting. 

Further discussion of risk factors and estimations on the prevalence or 
incidence of OA changes for selected joints can be found in the epidemio- 
logical literature (Silman and Hochberg 1993; Hamermann 1997; Oliveria 
1996). From an international perspective, age- and gender-specific rates 
for OA of the hip are highest in economically developed countries and 
low in developing countries (Murray and Lopez 1996 a; Murray and Lopez 
1996b). Possible explanations are body weight and height, genetic influ- 
ences, socio-cultural influences including nutrition or sitting habits. This 



Table 5. Risk factors for osteoarthrosis by degree of evidence 



Consensus 


Probable 


Controversial 


Age 

Female sex 

Obesity 

Joint disorder 

Inflammatory arthritis 

Chondrocalcinosis 

Trauma 

Repetitive occupational 
trauma 


Instability 

Overuse 

Hereditary factors 


Hysterectomy 

Hyperuricemia 

Running 

Hormone replacement (female sex hormones) 





Epidemiologic and Economic Aspects of Osteoarthrosis 5 



does not apply to OA of the knee joint, where prevalence rates are com- 
parable across countries. 



Economic Aspects 

Costs of Illness 

Economic evaluation is the comparative analysis of alternative courses of 
action in terms of both their costs and their consequences (Drummond et 
al. 1987). The most straightforward approach to quantify the economic 
consequences of OA is the calculation of cost-of-illness (COI), which is 
generally categorised into direct medical costs {spent resources), such as 
hospital treatment, ambulatory care, medication or rehabilitation, and in- 
direct macroeconomic costs {lost resources), including days off work, sick- 
ness pay, invalidity or premature mortality. 

In Germany, direct medical costs for musculoskeletal diseases are esti- 
mated as high as 13.7 billion DM (7.7 billion US$) in 1990 (Henke et al. 
1986; Henke et al. 1996, personal communication). About 100000 arthro- 
scopies with cartilage smoothing are done annually in the ambulatory 
care sector, and there are about 140000 OA- related surgical procedures in 
hospitals with an average length of stay of 20 days. Costs for hospital 
treatment are averaged at 400 DM (220 US$) per day for an acute care 
setting and 240 DM (130 US$) in a rehabilitation facility. Hospital remu- 
neration for a total hip replacement is currently 18600 DM (10000 US$) 
all inclusive (diagnosis-related group), 22600 DM (12 500 US$) for a total 
knee replacement, and 5850 DM (3250 US$) for a hallux valgus arthro- 
plasty. In the acute care and rehabilitation clinics combined 4.3 million 
hospital days are attributable to OA. Direct costs for OA are estimated at 
6.3 billion DM (3.5 billion US$) in 1993 both in the hospital and in the 
ambulatory care sector, annual costs per case are currently estimated at 
415 DM (230 US$) (Table 6). 



Table 6. Cost-of-illness (COI) estimates for direct medical costs of osteoarthrosis in Germany in the 
mid-1990s 



4.3 Million hospital days 


1.5% 


= 2.0 Billion DM 


1.1 Billion US$ 


Out-patient care 


1.5% 


>1.1 Billion DM^ 


>0.6 Billion US$ 


Medication/appliances 




= 1.8 Billion DM 


1.0 Billion US$ 


Social/professional rehabilitation 




= 1.0 Billion DM 


0.5 Billion US$ 


Long-term care 




= 0.4 Billion DM 


0.2 Billion US$ 


Direa costs 




>6.3 Billion DM^ 


3.5 Billion US$ 


Annual costs per case 




>415 DM" 


>230 US$ 



^ Conservative estimate. 
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It is difficult to estimate indirect costs for OA. Death due to OA is a 
rare, although realistic event, mainly if adverse drug reactions (gastroin- 
testinal bleeding) or postsurgical complications (thrombosis) occur, and 
may, age-dependently, result in loss of life years and loss of economic 
productivity. 

In Germany, 6.6% of all early retirements, about 18000 cases in 1993, 
are related to OA. Accordingly, 6.7 million sickness days with an average 
duration of 39 days per incident are due to OA. Average monthly pension 
benefits are currently 1300 DM (720 US$), average benefit for each sick- 
ness day about 165 DM (91 US$). It has been suggested that indirect 
costs for arthropathies and osteopathies are about 1.6 times the direct 
medical costs (Brenner 1998), which would amount to 10 billion DM (5.5 
billion US$) due to indirect costs. Consequently, total costs of illness for 
OA would add up to 16.3 billion (9.2 billion US$). 

International comparisons of costs need expert knowledge because of 
differences in health care systems, cost accounting, and varying defini- 
tions and should be a reason to consult an experienced health economist 
(Liang et al. 1984; Sangha and Stucki 1997). 



Advanced Economic Analyses 

COI-analysis is only one approach out of multiple economic analyses that 
have emerged in the past 50 years in response to increasing financial con- 
straints in the public and private health care sector. Table 7 gives an over- 
view of advanced economic methods in health care. 

Cost-minimization analysis is applied if the goal is to save costs for an 
established standard procedure without compromising quality, e.g. by 
lowering prices or changing processes. If several procedures are compet- 
ing, claiming equal or superior effectiveness, then cost-effectiveness ana- 
lyses give information on the costs involved with one predefined out- 
come, e.g. the avoidance of postoperative thromboembolic events. Partic- 
ularly in chronic conditions or complex interventions with potentially 
multiple outcomes, cost-effectiveness analyses are of limited information, 
because the effect side is restricted to one outcome. An analysis of total 
joint replacement surgery that estimates cost-effectiveness of the inter- 
vention with respect to improvement of functional capacity would not be 



Table 7. Advanced economic methods with application in the health care sector 

Cost-minimization analysis (CMA) 

Cost-effectiveness analysis (CEA) 

Cost-utility analysis (CUA) 

Cost-benefit analysis (CBA) 
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able to incorporate additional benefits (e.g. pain reduction) or potential 
adverse events (e.g. postoperative infections or thromboembolic events). 

If procedures with multiple effects or different diseases are compared, 
cost-benefit analysis has been applied. This type of analysis considers 
both the costs (input) and potential effects of an intervention (output) in 
monetary terms, i. e. as future direct or indirect costs avoided by the im- 
plantation of an endoprosthesis, including the treatment costs for this in- 
tervention. Cost-benefit analysis has been criticized because certain out- 
comes (e.g. pain, a functional limitation or death) can hardly be ex- 
pressed in monetary terms. 

Cost-utility analyses differ from cost-benefit analysis as they aggregate 
outcomes not in monetary terms but in so-called utilities, A utility is an 
abstract construct that reflects an outcome in terms of a combination of 
morbidity and patient preferences, e.g. as a quality adjusted life year 
(QUALY) lost or gained by an intervention. A QUALY is the product of a 
life year times a “quality weight” assigned to it, ranging from 0 (worst 
case, near death) to 1 (perfect heath). Murray and Lopez (1996b) mea- 
sure the “burden of disease” imposed to a population by disability ad- 
justed life years (DALY) and estimate the proportion of DALYs attribut- 
able to OA in developed countries to be as high as that of dementia or 
lung cancer, larger than that of diabetes mellitus, and about one third of 
the burden of disease imposed by ischaemic heart disease. 

Further economic analytical tools such as discounting, sensitivity anal- 
ysis, marginal analysis, or decision analysis are beyond the scope of this 
introductory text. 



Perspectives 

Societies in developed countries are demographically “aging”. The change 
from a population with a high birth rate and a high age-specific mortal- 
ity, and consequently a moderate life expectancy at birth, to a population 
with a low birth rate and low age-specific mortality, and consequently a 
high life expectancy has been termed demographic transition. This transi- 
tion can be visualized in population statistics and life tables by the 
change from a triangular population “pyramid” to a rectangular shape. 

Demographic predictions suggest an increase of the total number of 
symptomatic cases by 15% up to the year 2010 in Germany, if age-specif- 
ic incidence- and prevalence-rates are constant. Predictions for the USA 
are consistent with these figures, and the prevention and treatment of OA 
have been given high priority in preparing for the future of aging popu- 
lations (Boult et al. 1996). 

While a reduction of the prevalence of OA will reduce the number of 
functionally limited older persons, a reduction in the prevalence of coro- 
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nary artery disease (CAD) or cancer most likely will not. This is a func- 
tion of competing morbidity causing additional expenses if mortality is 
lowered, e.g. by a changing prevalence of CAD: people may live long 
enough to acquire another disabling condition. Allocation of society‘s 
limited resources will raise serious ethical questions, because interven- 
tions that are effective regarding mortality and morbidity will increas- 
ingly be evaluated regarding their economic efficiency (Wildner 1998). 
Effective treatment of OA has the potential to be cost-efficient both short- 
and long-term, but economic considerations should not be the only or 
major determinant for health care decisions. 
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Clinical Picture of Osteoarthrosis 

S. Klug and G. Weseloh 



Introduction 

In recent years, research into osteoarthrosis has provided numerous new 
facts that have deepened our knowledge and understanding of this disease 
and opened up new avenues of thought. Using biochemical and molecular- 
biological, pathomorphological, immunological, genetic and, in particular, 
clinical methods, we have succeeded in considerably expanding our knowl- 
edge of this disease. Nevertheless, many questions, in particular those con- 
cerned with aspects of treatment, still await definitive answers. 

On the basis of the newly acquired data, osteoarthrosis is now being 
viewed, more than ever, as a multifactorial process. In the more common 
forms of osteoarthrosis affecting the large weight-bearing joints of the low- 
er extremities, an imbalance between loading and loadability of the joints 
probably has an important role to play. Today, the conventional concept 
of wear and tear is no longer considered adequate to explain the osteoar- 
throtic process. It has also now been found that the usual classification of 
osteoarthrosis into primary and various secondary forms (Table 1) is often 
of only little practical use in the clinical setting, since, in many cases, a vari- 
ety of interactions exist between the underlying causes. In the clinical area, 
a different consideration of the clinical picture may, therefore, provide use- 
ful information, in particular with regard to the treatment and prognosis of 
the illness. It is therefore of importance to be familiar with the various man- 
ifestations of osteoarthrosis and its specific risk factors, and then to apply 
this knowledge to treatment considerations. 

In view of the wealth of new information, it is not possible to deal with 
all the unequivocal and current aspects of the clinical picture of osteoar- 
throsis in a short chapter, and we shall concentrate strictly on essentials. 



The Osteoarthrotic Process 

Buckwalter and Lane (1997) defined osteoarthrosis as a progressive loss 
of articular cartilage, which is associated with reparative reactions of the 
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Table 1. Classification of osteoarthrosis (Mankin 1986) 



I. Primary (idiopathic) 

1. Localized 

2. Generalized (three or more areas) 

3. Erosive and inflammatory osteoarthritis 

II. Secondary 

1 . Congenital or developmental 

(a) Joint dysplasias 

(b) Joint and axis deviations 

(c) Slipped epiphysis 

(d) Bone dysplasias (epiphyseal dysplasia, spondylo-apophyseal dysplasia, 
osteochondrodystrophy) 

(e) Statically caused arthropathy (long leg arthropathy) 

2. Post-traumatic 

(a) Acute macrotrauma (incongruity, loss of stability, cartilage injury) 

(b) Chronic microtrauma (occupational, sports) 

3. Inflammatory joint diseases 

(a) Septic arthritis 

(b) Chronic gout arthritis 

(c) Rheumatoid diseases 

4. Metabolic 

(a) Chondrocalcinosis 

(b) Hemochromatosis (alkaptonuria) 

(c) Ochronosis 

(d) Wilson's disease 

(e) Paget's disease 

5. Endocrine 

(a) Diabetes mellitus 

(b) Acromegaly 

(c) Hypothyroidism 

(d) Hyperparathyroidism 

(e) Obesity 

6. Genetic 

(a) Type II collagen anomalies 

(b) Capsular collagen disturbances and hypermobility syndromes (e.g., Ehlers-Danlos syndrome) 

7. Neuropathic (Charcot joints, tabes dorsalis, syringomyelia, diabetes mellitus) 

8. Endemic 

(a) Kashin-Beck disease 

(b) Mseleni disease 

9. Miscellaneous 

(a) Frostbite 

(b) Caisson's disease 

(c) Hemoglobinopathies 

10. Various 

(a) Hemophilic arthropathy 

(b) Aseptic and avascular necrosis (Ahiback's disease, Legg-Calve-Perthes disease. 
Osteochondrosis dissecans) 
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cartilage, remodeling processes and sclerosis of the subchondral bone, to- 
gether with the formation of subchondral bone cysts and marginal osteo- 
phytes (Fig. 1). Involved in this process are numerous changes occurring 
at the molecular and cellular levels and leading to structural and func- 
tional loss affecting the articular cartilage, accompanied by secondary in- 
tra-articular processes (Boszotta et al. 1994). 

Histological studies have shown that the destruction of articular carti- 
lage in osteoarthrosis is initiated by fibrillation of the superficial zone. 
As the disease progresses, vertical and horizontal spreading of the defects 
with deep fissuring of the surface, separated fragments of cartilage within 
the articular cavity, and a decrease in cartilage thickness, progressing 
even to complete loss of cartilage, leaving denuded and eburnated sub- 
chondral bone (Fig. 2). Progressive joint destruction leads to incongruity 
of the articular surfaces, loss of ligament stability, axis deviations, and 
the formation of osteophytes. In later stages, these processes often lead to 
bizarre deformations of the joint (Fig. 3). 

Clinical routine shows that osteoarthrosis does hot necessarily lead to 
significant pain in those afflicted, and that in many cases, even quite ad- 
vanced disease may be associated with surprisingly few symptoms. 

Basically, the disease is a chronic process that develops over a period 
of years and decades. The clinical course, however, is usually not uni- 
form, but often erratic. Initially, the clinical manifestation of the disease 
often remains non-progressive for years. During the further course of the 
illness, however, phases of mild symptoms may alternate with periods of 




Fig. 1. Histological slide preparation of a human tibial head showing stage ll-IV chondromalacia 
(safranin-O/von Kossa stain) 
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Fig. 2. Intra-operative femoral head specimen in advanced osteoarthrosis of the hip 




Fig. 3. Osteoarthrotic joint deformity in severe 
varus gonarthrosis 
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amplified symptoms when secondary inflammatory processes lead to an 
activation of the disease. 

To a certain degree, the organism is able to compensate for the results 
of attrition. When such changes have progressed to a certain point, how- 
ever, the body’s ability to compensate decreases and, gradually or acutely 
triggered by overloading or trauma, decompensation of the precariously 
maintained articular balance occurs and symptoms and functional distur- 
bances develop. Such a situation may be temporary or may initiate a per- 
manent, sometimes rapidly progressive, complex pattern of complaints. 

These observations show that both the osteoarthrotic process and its 
outcome are multidimensional. Depending on the severity of the disease 
and also whether only a single joint or a number of joints are involved, 
various dimensions need to be taken into account. 

The observation that pain, functional loss, and morphological changes 
to a joint - as seen on radiograph - often do not appear to correlate 
should not be a surprise when we remember that the morphological 
changes represent merely a historical development of a process that has 
been ongoing over a period of many years. For practical day-to-day pur- 
poses, this means that we need to see pain and functional loss separately 
from anatomical and radiological changes. 

The underlying causes of pain in osteoarthrosis have still not been 
adequately explained. From the pathophysiological point of view, in- 
creased pressure on subchondral bone, periarticular problems, synovitis 
and changes to the joint capsule would appear to be of relevance. How- 
ever, studies in large populations have shown that pain is also deter- 
mined by the general state of the patient’s health, psychosocial factors 
and on the extent of radiological changes (Dieppe 1995). 

Loss of function may be based on a multiplicity of joint-related fac- 
tors. Here, a major role is played by the limitation of joint movement, the 
development of contractures, and loss of joint stability. As in the case of 
pain, however, data obtained in large studies of patients with diseases of 
the knee joints reveal a number of interesting details. Apparently, both 
the loss of power of the quadriceps muscle, and the patient’s subjective 
awareness of pain are critical determinants of the extent of functional im- 
pairment (Dieppe 1995). 

Pathogenesis of Osteoarthrosis - Clinical Aspects 

Increasingly, osteoarthrosis is now being viewed not so much as a dis- 
tinct entity but as a group of “overlapping” illnesses. According to this 
view we should thus regard the “osteoarthrotic diseases” as a group of ill- 
nesses in which the normal state of equilibrium between anabolic and 
catabolic processes within the articular cartilage and subchondral bone 




14 S. Klug and G. Weseloh 



has, for a variety of reasons, broken down. This, in turn, leads to destruc- 
tion of the cartilage and characteristic changes to the subchondral bone 
(Dieppe 1995). Such a definition recognizes the fact that osteoarthrosis is 
a process rather than a disease entity. The degree to which this process 
then manifests clinically in the form of movement-related pain and loss 
of normal joint function may vary enormously. 

The question as to how the process is initiated continues to generate a 
large number of hypotheses. These range from the notion that osteoar- 
throsis is a mechanically induced organic failure (Felson 1995) to the be- 
lief that it is due largely to constitutional factors. Other authors consider 
osteoarthrosis to be a secondary consequence of a primary, generalized 
disease of osseous structures, rather than a cartilage disease (Dequecker 
et al. 1995, 1997; Radin and Rose 1986). 

The concept of osteoarthrosis as a group of various illnesses derives, 
in the first instance, from an analysis of risk factors, and these will now 
be considered in more detail below. 

The risk factors for hip and knee joint osteoarthrosis differ quite con- 
siderably (Dieppe 1995). Table 2 shows why these two conditions should 
be considered as two distinct entities within the group of osteoarthrotic 
diseases. 

Furthermore, the distribution of risk factors for osteoarthrosis of the 
patello-femoral compartment in the knee joint clearly differ from that in 
the medial tibio-femoral compartment. The pattern of disease in the pa- 
tello-femoral compartment is more closely associated with a familial pre- 
disposition and nodules in the hand, while the medial tibio-femoral vari- 
ant is very often associated with obesity and prior surgery. This has led 
to a differentiation of the two major forms of knee joint arthrosis, MOAK 
and POAK (medial and patello-femoral osteoarthrosis of the knee, respec- 
tively) (Dieppe 1995). 

Analysis of the risk factors also led to the pathogenetic model of ar- 
throsis developed by Dieppe (1995). This model clearly demonstrates the 
interactions between a systemic predisposition to this disease, and the ef- 
fects of local biomechanical factors (Fig. 4). The constitutional factors 



Table 2. Comparison of the risk factors for hip and knee joint osteoarthrosis (OA) (Dieppe 1995) 



Risk factors 


Hip joint OA 


Knee joint OA 


Age 


20-70 years 


Usually 40-60 years 


Sex 


Male = Female 


Female Male 


Race 


Rare in Asiatics 


Common in black’ Americans 


Dysplasia 




± 


Injuries 


± 


++ 


Farm work 


++ 


- 


Squatting 


- 


++ 
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Age, sex, race 




Genetic factors | ^ 


Predisposition 
for osteoarhtrosis 


Other factors 


Location and severity 
of osteoarthrosis 


iy 

Local and biomechanical influences 



Fig. 4. Etiopathogenesis of osteoarthrosis (Dieppe 1995) 



play a major role in initiating osteoarthrosis, while its location and sever- 
ity is determined for the most part by local biomechanical factors. 

While osteoarthrosis is a common disease, it typically affects only a 
few joints. A number of theories have been advanced to explain this fact. 
One suggestion is that the most likely sites are those joints which must 
be considered to have been less than optimally “planned” by the evolu- 
tionary process. On the basis of an analysis of osteoarthrosis of the wrist 
and hip joints, it has been shown that our joints are not adequately 
adapted either to an upright gait, or to the grasping function of the 
hand. As result, it is claimed, arthrotic changes are very frequently con- 
centrated in the hip and the base of the thumb. Other theories, in con- 
trast, suggest that the parts of our joints that are “insufficiently used” are 
most likely to develop arthrosis. Investigations performed on old skele- 
tons provide interesting findings suggesting that MOAK was far less com- 
mon among our ancestors than POAK or osteoarthrosis of the hip. These 
observations indicate that the present-day high incidence of osteoarthro- 
sis - at least at some sites - may be associated with certain aspects of 
modern life, for example, increased obesity, or the manner in which we 
now make use of our joints (Dieppe 1995). 



Nodal Osteoarthrosis 

In the current discussions about the pathological entity, osteoarthrosis, 
the term nodal osteoarthrosis, to which Jones et al. (1995) attach particu- 
lar importance, is receiving increasing attention. Nodal generalized os- 
teoarthrosis (NGOA) is considered to be a special subgroup of the widely 
differing forms of osteoarthrosis. It is characterized by a polyarticular in- 
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volvement of the hand, an early inflammatory component, Heberden and 
Bouchard nodes and a familial predisposition. Furthermore, nodal os- 
teoarthrosis is associated with a concentric pattern of hip joint involve- 
ment and certain immunohistochemical findings in the arthrotic syno- 
vium and cartilage. In many women there is a dominant, in men a reces- 
sive, hereditary factor. The symptomatic form is more common in wom- 
en in whom it occurs in particular around the menopause. 

With regard to possible genetic markers, nodal generalized osteoar- 
throsis is associated with an increased incidence of HLA-Al, B8, the MZ 
alpha- 1 -antitrypsin phenotypes, and an increased incidence of homozy- 
gotic alpha-antichymotrypsin genes. Furthermore, in comparison with 
other forms of osteoarthrosis, nodal arthrosis is associated with an in- 
crease in IgG rheumatoid factors, lower mean levels of IgA, and an ele- 
vated prevalence of antithyroglobulin antibodies. These findings have led 
to the view that immunological processes are involved in the pathogen- 
esis of this form of arthrosis. Jones et al. (1995) reported that generalized 
osteoarthrosis is characterized radiologically by at least grade 2 osteo- 
phyte formation in the interphalangeal joint of the thumb, and the distal 
interphalangeal joints of the fingers, with involvement of only a few 
joints. 



Aging and Osteoarthrosis 

Age is a strong predictor of osteoarthrosis (Mankin et al. 1986). While 
osteoarthrosis rarely occurs in the young, the rate increases with age. The 
mechanisms behind this presumably are based on the cumulative effects 
of loading, trauma, metabolic endocrine and other factors acting on a 
joint throughout the course of a lifespan. There seems to be a consider- 
able individual variability in the rate and nature of age-related changes to 
the cartilage. Some of these changes must be considered benign, with no 
tendency to progress, while others can relatively quickly lead to the de- 
velopment of osteoarthrosis (Mankin et al. 1986). 



Trauma and Osteoarthrosis 

It is well known that injury to the joint including damage to the ligamen- 
tous structures, surface of the cartilage, the menisci and the subchondral 
bone can lead to osteoarthrosis. The rate and severity of the development 
of osteoarthrosis depends on the extent of the primary trauma and its 
treatment (e.g. joint incongruity caused by a fracture, instability), the lo- 
calization (main loading zone, marginal zone), the importance of the 
traumatized structures and the ability of the organism to compensate the 
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trauma, as also on future loading of the injured joint (occupation, sports, 
weight-bearing joint, non-weight-bearing joint) (Carman et al. 1994; 
Neyret et al. 1994; Sahlstrom and Montgomery 1997). Roos et al. (1998) 
for example, reported a relative risk for the development of a tibio-femo- 
ral osteoarthrosis following surgical removal of the meniscus to be 14% 
after 21 years. 



Sports and Osteoarthrosis 

Current investigations of the question as to whether sporting activities 
may cause osteoarthrosis raises a number of interesting questions. Lane 
(1995) and Buckwalter (1997) observed that healthy joints normally toler- 
ate homogeneous sport-related loading with no negative consequences or 
accelerated rates of development of osteoarthrosis. Joints with prior trau- 
ma to ligaments, tendons or menisci, or with abnormal articular anato- 
my, as also those of persons practicing competition-level sports with a 
particularly high impact on the joints, appear to develop osteoarthrosis 
more frequently (Marti et al. 1989; Neyret et al. 1993). Sports activities 
involving repeated non-physiological loading peaks or torsional loads 
over the long-term increase the predisposition for the development of os- 
teoarthrosis. On the other hand, it has been noted that running does not 
increase the risk of osteoarthrosis of the knee joint in normal recrea- 
tional sports activities. In competitive sports, the risk of developing an 
osteoarthrosis over the long-term is, in contrast, clearly elevated (Lane 
1995). This also applies to soccer and baseball players, with more or less 
marked differences between recreational and competitive sport (Table 3). 
If, however, degenerative articular changes are already present, the risk of 
osteoarthrosis increases even for recreational sports activities that go be- 
yond normal day-to-day activities. 



Weight and Osteoarthrosis 

A review by Felson (1995) that considers the relationship between weight 
and osteoarthrosis notes that being overweight is a very important risk 
factor for osteoarthrosis of the knee and hip joint and, surprisingly, of 
the hand. Apparently, both local and systemic factors are involved. Wom- 
en with a body mass index (BMI) of 30-35 kg/m^, have an osteoarthrosis 
risk that is 4 times as high as that of women with a BMI of less than 
25 kg/m^; in the case of men with similar BMI figures the risk for gonar- 
throsis is 4.8 times as high (Anderson and Felson 1988). 

Obesity is also associated with an increased risk of osteoarthrosis of 
the hip joint (Cooper et al. 1998). The association between weight and os- 
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Table 3. Osteoarthrosis (OA) and exercise: possible associations (Lane 1995) 





Sport 


Site 


Risk of OA 


Normal joints 


Running 

Recreational 


Knee, hip 


No increase 




Competitive 

Soccer 




Possibly increased 




Recreational 


Knee, ankle 


No increase 




Competitive 




Possibly increased 




Baseball 

Recreational 


Elbow, shoulder 


No increase 




Competitive 




Possibly increased 


Abnormal joints 


Running 


Knee 


Probably increased 




Soccer 


Knee 


Probably increased 




Football 


Knee 


Probably increased 



teoarthrosis of the hip is, however, not as clear-cut as in the case of the 
knee. A possible explanation for this is that while walking the knee joint 
is subjected to loads of up to 6 times body weight compared with only 
three times the body weight for the hip. This means that the effect of 
weight on the knee joint is twice that on the hip. 

It has been shown that overweight women who lose weight can reduce 
their risk of developing symptomatic osteoarthrosis - in particular of the 
knee joint - later in life. With an average weight loss of 1 1 lbs, the risk of 
developing clinically relevant osteoarthrosis of the knee decreased by 
more than 50% (Felson et al. 1992). Conversely, an increase in weight 
over the long-term was associated with an increase in the rate of knee 
joint osteoarthrosis. When osteoarthrosis is already present, the over- 
weight are also at increased risk of disease progression, and have a more 
unfavorable prognosis with regard to its severity (Heppt et al. 1990). 

The specific question as to why obesity is associated not only with os- 
teoarthrosis of the knee and hip - which would have been expected - but 
also with an increase in osteoarthrosis of the hands (Carman et al. 1994), 
is currently under discussion. In overweight persons, a systemic factor 
(possibly a circulating cartilage growth factor or a bone factor) that accel- 
erates cartilage breakdown resulting in osteoarthrosis is presumed to be 
present (Felson et al. 1992). In particular, in postmenopausal women, 
who are at highest risk of developing osteoarthrosis, adipose tissue may 
be metabolically active. Added to this, persons with obesity may have a 
higher bone mineral density, which, of itself may be a risk for osteoar- 
throsis. Since the knee joint is particularly affected in overweight per- 
sons, it may be noted that the factors of being overweight and excessive 
loading - possibly in combination with a systemic factor - are major de- 
terminants in the development of osteoarthrosis. 
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Occupational Aspects and Osteoarthrosis 

Cooper (1995) reported an association between occupational joint stres- 
ses and the risk of osteoarthrosis and estimated the relative percentage of 
osteoarthrosis caused by occupational stresses to be about 5%. 

Occupational physical stress is one of the major factors influencing in 
particular the development of osteoarthrosis of the knee and hip joints 
(Cooper 1995). A number of studies have provided data showing that oc- 
cupational activities associated with frequent or prolonged squatting and 
heavy physical work are associated with a higher rate of knee joint os- 
teoarthrosis (Kellgren and Lawrence 1952; Lindberg and Montgomery 
1987; Partridge and Duthie 1968; Wickstrom et al. 1983). The Framing- 
ham Study (Felson et al. 1991) also showed, in a follow-up study involv- 
ing 1400 persons, that the risk of osteoarthrosis was highest in persons 
with such occupational stresses. In all these studies, no increase was 
found in osteoarthrosis risk associated with job-related prolonged walk- 
ing, standing, sitting or driving. 

In a case-control study, Coggon et al. (1998) found a significant increase 
in the rate of hip joint osteoarthrosis in men whose jobs involved the lifting 
of heavy weights. In several studies, a particular prevalence of hip joint os- 
teoarthrosis has been reported for farmers who, in comparison with a male 
population of the same age group have a tenfold higher risk of developing 
osteoarthrosis. Why this should be so is not at all clear, and is presently 
being investigated in ongoing studies. It does, however, appear that the par- 
ticular physical stresses associated with such work have a major role to play 
(Cooper 1995; Croft et al. 1992; Vingard et al. 1990). 



Nutrition and Osteoarthrosis 

Nutritional influences on the development of osteoarthrosis still remain un- 
clear (McAlindon and Felson 1997). There is, however, evidence that such 
factors also play an etiological role in osteoarthrosis. Thus, a diet rich in 
vitamin C appears to have a protective effect against the destruction of car- 
tilage in the guinea pig osteoarthrosis model (Meacock et al. 1990). In the 
Framingham Knee OA Cohort Study, however, no significant relationship 
was found between the intake of antioxidant micronutrients (vitamin C, vi- 
tamin E and beta carotene) and the incidence of radiographic knee joint 
osteoarthrosis (McAlindon et al. 1996 b). One of the causes of the low inci- 
dence of hip joint arthrosis in the Chinese is considered to be their low-cal- 
orie diet. Experimentally induced vitamin B6 deficiency led to lesions of the 
cartilage similar to those seen in osteoarthrosis. In epidemiological studies, 
McAlindon et al. (1996 a) found an association between low serum levels of 
vitamin D and an increased incidence of knee joint osteoarthrosis. In the 
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case of the Kashin-Beck disease (endemic arthrosis deformans), nutritional 
factors are assumed to play a role (Mathieu et al. 1997). 

There exist indications that nutritional factors can influence the course 
of osteoarthrosis through a variety of mechanisms. Overall, however, it 
must be admitted that we still have no certain knowledge of the influence 
of dietary factors on the development of osteoarthrosis. 

Conclusions 

In summary, currently available epidemiological data show that the major 
non-constitutional risk factors for knee joint osteoarthrosis are obesity, 
previous injury to the knee joint, meniscectomy, occupation-related ex- 
cessive loading of the knee joint, and the presence of Heberden’s nodes. 
The risk profile for hip joint osteoarthrosis deviates somewhat from that 
of knee joint osteoarthrosis. Although there is a relationship between os- 
teoarthrosis and overweight, prior injury to the hip and the presence of 
Heberden’s nodes, it is less obvious in the case of the knee. Additional 
aspects are local biomechanical influences and endogenous factors the in- 
teractions of which may initiate the process of osteoarthrosis. 

For practical purposes, all this means that osteoarthrosis should by no 
means be considered to be a single-dimensional, monocausal entity, and 
certainly not an unavoidable stroke of fate. 

The clinical course of this condition is extremely variable in terms of its 
manifestation and individual symptoms. As a result, an individual consid- 
eration of the symptoms and functional deficits of a given patient is much 
more important than any evaluation based on pathomorphological changes. 

In addition to a specific therapy, modifications to lifestyle and ambient 
conditions offer numerous possibilities for influencing the course of the 
disease and its symptoms. In view of this, it is of particular importance 
for the clinician to be familiar with all the factors involved, and to give 
due consideration to them when planning his treatment strategy. The 
early elimination of risk factors, early diagnosis and surveillance of the 
disease and appropriate treatment of pain and functional deficits offer ef- 
fective means of prevention and treatment in the various stages of the os- 
teoarthrotic disease process. 



References 

Andersen J, Felson DT (1988) Factors associated with osteoarthritis of the knee in the 
first national health and nutrition examination survey (HANES I). Am J Epidemiol 
128:179-189 

Boszotta H, Helperstorfer W, Kolndorder G (1994) Long-term results of arthroscopic 
meniscectomy. Aktuelle Traumatol 24:30-34 





Clinical Picture of Osteoarthrosis 21 



Buckwalter JA, Martin JA (1995) Degenerative joint disease. In: Clinical symposia. 
Ciba-Geigy, Summit, New Jersey, pp 2-32 

Buckwalter JA, Lane NE (1997) Athletics and osteoarthritis. Am J Sports Med 25:873-881 
Buckwalter JA, Mankin HJ (1997) Articular cartilage. Part II. Degeneration and osteoar- 
throsis, repair, regeneration and transplantation. J Bone Joint Surg 79-A4:6 12-632 
Carman WJ, Sowers ME, Hawthorne VM, Weissfeld LA (1994) Obesity as a risk factor 
of osteoarthritis of the hand and wrist: a prospective study. Am J Epidemiol 
139:119-129 

Coggon D, Kellingray S, Inkip H, Croft P, Campbell L, Cooper C (1998) Osteoarthritis 
of the hip and occupational lifting. Am J Epidemiol 147:523-528 
Cooper C (1995) Occupational activity and the risk of osteoarthritis. J Rheumatol 22 
[Suppl 43]:10-12 

Cooper C, Inskip H, Croft P, Campbell L, Smith G, McLaren M, Coggon D (1998) Indi- 
vidual risk factors for hip osteoarthritis: obesity, hip injury and physical activity. 
Am J Epidemiol 147:516-522 

Croft P, Coggon D, Cruddas M, Cooper C (1992) Osteoarthritis of the hip: an occupa- 
tional disease in farmers. BMJ 304:1269-1272 
Dieppe P (1995) Auf der Suche nach einer wirksamen Therapie der Arthrose. Primare, 
sekundare und tertiare Prevention. Rheumatologie in Europa 24:118-121 
Dieppe P (1995) Arthrose: Risikofaktoren, Therapie und Ausgang. Rheumatologie in 
Europa 24:66-68 

Dequecker J, Mokassa L, Aerssens J (1995) Bone density and osteoarthritis. J Rheuma- 
tol 22 [Suppl 43]:98-100 

Dequecker J, Mokassa L, Aerssens J, Boonen S (1997) Bone density and local growth 
factors in generalized osteoarthritis. Microsc Res Tech 37:358-371 
Felson DT, Hannan MT, Nairmark A, Berkeley J, Gordon G, Wilson PW, Anderson J 
(1991) Occupational physical demands, knee bending and knee osteoarthritis: re- 
sults from the Framingham study. J Rheumatol 18:1587-1592 
Felson DT, Ahange Y, Anthony JM, Nairmark A, Anderson JJ (1992) Weight loss re- 
duces the risk for symptomatic knee osteoarthritis in women. Ann Intern Med 
116:535-539 

Felson DT (1995) Weight and osteoarthritis. J Rheumatol 22 [Suppl 43]:7-9 
Heppt P, Goldmann A, Beyer W, Wirtz P (1990) Indications, risks and long-term re- 
sults of high tibial barrel-vault ostetomy. Orthop Praxis 26:106-109 
Jones AC, Hopkinson ND, Pattrick M, Doherty M (1995) Die nodale Arthrose: 
Welches Ausmafi an radiographisch gesicherter Arthrose ist erforderlich um den 
Komplex zu definieren? Rheumatologie in Europa 24:115-117 
Kellgren JH, Lawrence JS (1952) Rheumatism in miners. Part II. X-ray study. Br J In- 
dust Med 9:197-207 

Lane NE (1995) Exercise: a cause of osteoarthritis. J Rheumatol 22 [Suppl 43]:3-6 
Lindberg H, Montgomery F (1987) Heavy labour and the occurrence of gonarthrosis. 
Clin Orthop 214:235-236 

Mankin HJ, Brandt KD, Shulman LE (1986) Workshop on ethiopathogenesis of os- 
teoarthritis. Proceedings and recommendations. J Rheumatol 13:1130-1148 
Marti B, Knobloch M, Tschopp A, Jucker A, Howald A (1989) Is excessive running 
predictive of degenerative hip disease? Controlled study of former elite athletes. 
BMJ 299:91-93 

Mathieu F, Begaux F, Lan ZY, Suetens C, Hinsenkamp M (1997) Clinical manifestations 
of Kashin-Beck disease in Nyemo Valley, Tibet. Int Orthop 21:151-156 
McAlindon TE, Felson DT, Zhang Y, Hannan MT, Alibadi P, Weissman B, Rush D, Wil- 
son PW, Jaques P (1996 a) Relation of dietary intake and serum levels of vitamin D 
to progression of osteoarthritis of the knee among participants in the Framingham 
study. Ann Intern Med 125:353-359 




22 S. Klug and G. Weseloh: Clinical Picture of Osteoarthrosis 



McAlindon TE, Jacques T, Zhang Y, Hannan MT, Alibadi P, Weissman B (1996 b) Do 
antioxidant micronutrients protect against the development and the progression of 
knee osteoarthritis. Arthritis Rheum 39:648-656 
McAlindon TE, Felson DT (1997) Nutrition: risk factors for osteoarthritis. Ann 
Rheum Dis 56:3397-3400 

Meacock SCR, Bodmer JL, Billingham MEJ (1990) Experimental OA in guinea pigs. J 
Exp Pathol 71:279-293 

Neyret P, Donell ST, Dejour P, Dejour H (1993) Partial meniscectomy and anterior 
cruciate ligament rupture in soccer players. A study with a minimum 20-year fol- 
low-up. Am J Sports Med 21:455-460 

Neyret P, Donell ST, Dejour H (1994) Osteoarthritis of the knee following meniscec- 
tomy. Br J Rheumatol 33:267-268 

Partridge REH, Duthie JJR (1968) Rheumatism in dockers and civil servants: a com- 
parison of heavy manual and sedentary workers. Ann Rheum Dis 27:559-568 
Radin EL, Rose RM (1986) Role of subchondral bone in the initiation and progression 
of cartilage damage. Clin Orthop 213:34-40 

Roos H, Lauren M, Adalberth T, Roos EM, Jonsson K, Lohmander LS (1998) Knee os- 
teoarthritis after meniscectomy: prevalence of radiographic changes after twenty- 
one years, compared with matched controls. Arthritis Rheum 41:687-693 
Sahlstrom A, Montgomery F (1997) Risk analysis of occupational factors influencing 
the development of arthrosis of the knee. Eur J Epidemiol 13:675-679 
Vingard E, Alfredsson L, Goldie I, Hogstedt C (1990) Occupation and osteoarthritis of 
the hip and knee: a register-based cohort study. Int J Epidemiol 20:1025-1031 
Wickstrom G, Haninen K, Mattsson T et al. (1983) Knee degeneration in concrete rein- 
forcement workers. Br J Indust Med 40:216-219 




Morphogenesis of Osteoarthrosis 



W. Mohr 



Introduction 

The different morphological aspects of osteoarthrosis, especially the dis- 
ease modifying secondary and tertiary events, indicating that joint failure 
is more than cartilage loss, may be demonstrated by a short case report. 

The 64-year-old female patient presented here suffered from “monar- 
thritis” of the hip joint. By nuclear magnetic resonance “synovial prolif- 
eration” and bone marrow edema of the femoral head were diagnosed. A 
tentative diagnosis of “foudroyant” osteoarthrosis was made; neverthe- 
less, this diagnosis seemed not to be supported by the observed synovial 
proliferation. A synovial biopsy showed a marked debris synovitis with 
fragments of cartilage and bone enclosed in synovial villi. This histologi- 
cal finding led to the assumption that the clinical symptoms were due to 
osteoarthrosis with secondary ischemic bone necrosis. 

The operative specimen supported this idea. Macroscopically the femo- 
ral head showed an advanced cartilage loss (Fig. 1 a). Histologically, rem- 
nants of fibrillated cartilage covered the periphery of the specimen 
(Fig. lb). Sections from the insertion region of the ligamentum capitis 
femoris (Fig. 1 a) exhibited necrotic bone with adjacent granulation tissue 
and chondroid tissue (Fig. Ic, d). As seen in the biopsy, the villous syno- 
vial tissue contained fragments of bone and cartilage (Fig. 1 e and f) sup- 
porting the previous diagnosis of debris synovitis. From the pathological 
point of view the different aspects of the disease were understandable. 

This case report leads to the conclusion that it may be wise to differ- 
entiate primary, secondary and even tertiary events that can occur during 
the development of osteoarthrotic joint failure (Fig. 2). 



Primary Event: Cartilage Destruction 

Several hypotheses are discussed to explain the disease initiating carti- 
lage loss. According to Dean (1991) there is no doubt that metallopro- 
teinases of the chondrocytes “digest” the extracellular matrix. On the 
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Fig.1a-f. Advanced osteoarthrosis of the femoral head, a Femoral head with peripheral remnants of 
cartilage. Arrow indicates insertion of the ligamentum capitis femoris. b Remnants of fibrillated carti- 
lage bordering on denuded bone hematoxylin eosin HE, 30:1. c From the insertion of the ligamentum 
capitis femoris [arrow in a): osteonecrosis followed by granulation tissue HE, 30:1. d Higher magnifica- 
tion of c (arrow): remnants of necrotic bone surrounded by new-formed bone and chondroid tissue 
HE, 60:1. e Villous hyperplasia of the synovial membrane HE, 30:1. f Higher magnification of e 
(arrow): synovial villus with enclosed cartilage fragments HE, 60:1 



other hand alterations of collagen composition, e.g. an increased synthe- 
sis of collagen type X seems possible (von der Mark et al. 1992). 

The morphology renders it plausible that the initial event is the decay 
of chondrocytes in pressure zones, whether due to necrosis or apoptosis. 

The “chondrocyte-death” hypothesis, which indicates that cell decay is 
induced by mechanical forces, is deduced from histological observations 
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Primary Event Secondary Events Tertiary Events 



Cartilage 

Destructron 



Osteonecrosis 



< 




Pseudocysts 
Repair Tissue 

Osteophytes 

Villous Adipose Hyperplasia 
Scar Tissue 

Secondary Osteochondro- 
matosis 



Fig. 2. Events leading to osteoarthrotic joint remodeling 




Fig. 3a-c. Morphology of the ankle joint of an old rat demonstrating tibia (Tif), talus (Ta) and calca- 
neus (0 [from Mohr et al. (1997)]. a Low-power view of articulation demonstrating the two different 
joints and the surrounding normal uninflamed synovial tissue HE, 10:1. b Higher magnification of 
area marked by arrows in a focal destruction of the cartilage HE, 35:1. c Higher magnification of area 
marked by arrows in b focal destruction of the cartilage with chondrocytic necroses and fibrillation of 
matrix (arrows) HE, 85:1 



of the ankle joints of old rats (Mohr and Lehmann 1992) - similar results 
were reported by Bendele and Hulman (1988) in guinea pigs with knee os- 
teoarthrosis. Minor morphological changes in the ankle joints of these rats 
consist in sharply demarked cartilage areas with loss of chondrocyte nuclei 
and reduced stainability with safranin-0, indicating loss of proteoglycans. 
More advanced changes are fibrillation of the cartilage in pressure zones 
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Fig. 4a-d. Advanced osteoarthrosis of the knee joint, a Macroscopy of tibial plateau with remnants 
of cartilage in the central part. Broken line indicates origin of the histological specimen, b Hyperosto- 
tic bone with remnants of cartilage (arrow) Heidenhain's Azan, 30:1. c Structure of the "destructive 
front": bordering on denuded bone wedge-shaped fibrillated cartilage HE, 30:1. d Higher magnifica- 
tion of c (arrow): fibrillated wedge-shaped cartilage with complete loss of chondrocytes HE, 60:1 



(Fig. 3a~c), in the most advanced stages there is a complete loss of hyaline 
and even calcified cartilage with exposure of subchondral bone. 

Similar morphological sequences can be observed in the human joints. 
Figure 4 a demonstrates the advanced loss of cartilage from the tibial 
bone of the knee joint. Histology of the “destructive front” exhibits de- 
nuded bone with remnants of cartilage in the neighborhood (Fig. 4b), 
the surface of this cartilage is fibrillated, the chondrocytes have disap- 
peared (Fig. 4c,d). 

Secondary Events 

In the course of the disease secondary events develop in the subchondral 
bone and in the synovial membrane (Fig. 2). 




Morphogenesis of Osteoarthrosis 27 



Osteonecrosis 

Secondary osteonecrosis may be observed in operative specimens of the 
knee and hip joints - nevertheless, ischemic or “aseptic” bone necrosis 
occurs also in other joints (Mohr 1996). In early stages of this complica- 
tion the surface of the femoral head shows circumscript yellow areas in 
the zone of complete cartilage loss (Fig. 5 a). The sectioned specimen ex- 
hibits necrosis of the subchondral bone (Fig. 5 b), sometimes in a wedge- 
shaped fashion. Histological sections from this area show fragmented 
necrotic bone with loss of the osteocyte nuclei (Fig. 5 c and d). A resorp- 
tive reaction has started in the neighboring bone marrow: granulation 
tissue occupies the intertrabecular space (Fig. 5e) and encloses fragments 
of bone and cartilage (Fig. 5f). Necroses of this kind have been observed 
in about 80% of osteoarthrotic femoral heads (Gabriel 1996). 



Synovitis 

It must be argued that osteoarthrosis accompanying inflammatory syno- 
vial reactions is due to erosion of cartilage and bone, especially in cases 
with secondary osteonecrosis. Molecular degradation products of proteo- 
glycans, as was shown by Boniface et al. (1988) after injecting purified 
proteoglycans into rabbit knee joints, may induce a lymphoplasmocytic 
synovitis. On the other hand cartilage and bone shards induce a fibri- 
nous synovitis: macroscopically the synovial surface is covered by a vil- 
lous fibrinous exudate (Fig. 6 a, b), histologically fragments of bone or 
cartilage can be detected in the fibrin (Fig. 6c-e). Mechanically induced 
vascular lesions with increased leakage of fibrinogen followed by intraar- 
ticular polymerisation may be the basic event. 



Tertiary Events 

Tertiary events that occur in bones and synovial tissues (see Fig. 2) are 
responsible for further joint remodeling. 



Pseudocysts 

In a morphological survey on operative specimens of osteoarthritic femo- 
ral heads, subchondral pseudocysts occurred in 73% of all cases (Fig. 7). 
Usually they are associated with secondary bone necrosis, necrotic bone 
remnants are present in their often fibrous wall (Gabriel 1996). From 
these observations it is concluded that osteonecrosis precedes the forma- 
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Fig. 6a-e. Fibrinous debris-synovitis, a Operation specimen from the knee joint covered by villous 
fibrin, b Detail from a {arrow): synovial membrane with villous fibrin, c Villous fibrin covers the syno- 
vial tissue Heidenhain's Azan 30:1. d Higher magnification of c {arrow): cartilage fragment {arrow) sur- 
rounded by fibrin Heidenhain's Azan, 60:1. e Fibrinous exudate with cartilage fragments {arrows) and 
granulation tissue invading the fibrin Heidenhain's Azan, 60:1 



tion of these geodes. Intrusion of synovial fluid from the joint cavity 
through minor bone defects in the necrotic zones may be the morphoge- 
netic factor. 

Localization and macroscopic morphology of these pseudocysts are 
documented in Fig. 8: they occur preferentially in the cartilage denuded 
area (Fig. 8a,c,d), sometimes they are located at the basis of necrotic 
bone (Fig. 8 b), and geodes may be solitary (Fig. 8 c) or multiple 
(Fig. 8a,d). 



^ 

Fig. 5a-f. Secondary ischemic osteonecrosis in advanced osteoarthrosis, a Surface of femoral head 
with yellow area {arrow), b "Saw-section" from the area indicated by arrow in a: superficial osteone- 
crosis {arrow), c Histology from b {arrow) necrotic bone with disrupted surface HE, 30:1. d Higher 
magnification of c {arrow) disrupted necrotic bone HE, 60:1. e Resorptive reaction in the neighbor- 
hood of osteonecrosis: granulation tissue In the marrow space HE, 60:1. f Higher magnification of e 
{arrow) granulation tissue surrounds fragments of cartilage HE, 180:1 
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Fig. 7. Frequency of pseudocysts in os- 
teoarthrotic femoral heads of different 
age classes (with P, with pseudocysts, 
without P, without pseudocysts) 




Fig. 8a-d. Macroscopic appearance of "geodes" in the denuded bone of the weight-bearing area of 
the femoral head, a Multiple pseudocysts, b Pseudocysts at the basis of osteonecrosis, c Solitary pseu- 
docyst. d Pseudocysts filled with remnants of necrotic tissue 
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Repair Tissue 

Bone necroses with defects of the overlying osseous tissue are usually 
sites of the development of different kinds of repair tissues. As in Bridie’s 
drilling (1959; Baldovin et al. 1997) granulation tissue develops from the 
subchondral bone marrow and grows onto the surface. Presumably under 
the influence of pressure this early reparative tissue is transformed into 
chondroid tissue that later on covers the surface of the bone in a mush- 
room-like fashion or occupies huge areas of the surface (Fig. 9 a). The 
histological equivalent is chondroid tissue that borders on the subchon- 
dral bone without any tidemark (Fig. 9b). Chondroid tissue just in the 
neighborhood of the subchondral bone may be rich in proteoglycans as 
evidenced by the stainability with safranin-0 (Fig. 9 c). 



Osteophytes 

The pathogenesis of one of the most remarkable radiological signs of the 
disease, the osteophytes, has to be regarded in conjunction with the syno- 
vial inflammation. Figure 10 summarizes the events leading to these bony 
spurs. 




Fig. 9a-c. Chondroid repair tissue covering osteoarthrotic femoral condyle, a Chondroid tissue sur- 
rounded by denuded bone. Broken line indicates origin of the histological specimen, b Chondroid 
tissue covering bone Heidenhain's Azan, 30:1. c Demonstration of proteoglycan content of the basic 
chondroid tissue safranin-0, 30:1 
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Fig. lOa-d. Schematic representation of morphogenesis of osteophytes (according to Mohr and Regel 
[1985]). a Early proliferation of pannus tissue, b More advanced pannus tissue covers marginal carti- 
lage. c Chondroid metaplasia in advanced pannus tissue, d Advanced osteophyte with superficial pan- 
nus tissue, chondroid tissue and new-formed bone covers remnants of the "buried" hyaline cartilage 



As in primary inflammatory joint diseases, e.g. rheumatoid arthritis, a 
growing pannus tissue develops that covers the cartilage. The lack of neu- 
trophilic granulocytes in this tissue in osteoarthrosis may explain its lim- 
ited destructive capacity with regard to the underlying hyaline cartilage. 
The outgrowth of this connective tissue is followed by chondroid meta- 
plasia and subsequent enchondral ossification. As a consequence the orig- 
inal hyaline cartilage may be surrounded or ‘‘buried” by these bone ex- 
crescenses. 



Villous Adipose Hyperplasia 

The focal or diffuse lipomatous hyperplasia (Fig. 11a) of the synovial 
membrane may be due to the organization of previous villous fibrinous 
exudations. Fragments of cartilage incorporated in superficial fibrous 
areas (Fig. llb,c) or adhering to the surface of adipose villi, sometimes 
covered by synoviocytes (Fig. lld,e) indicate that this transformation of 
the synovial tissue is due to tissue fragments. 



Scar Tissue 

Scarring of the synovial tissue may occur: fibrous villi or a flattened fi- 
brous synovial membrane has developed. Fragments of bone and carti- 
lage in this tissue also indicate that they are responsible for this transfor- 
mation. 
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Fig. lla-e. Villous adipose hyperplasia of synovial membrane, a Operation specimen of the knee 
joint exhibiting synovial tissue with villous adipose areas, b Synovial membrane with enclosed carti- 
lage fragment HE, 60:1. c Higher magnification of b (arrow): cartilage fragment enclosed in the syno- 
vial membrane HE, 180:1. d Villous adipose synovial tissue with adherent cartilage fragment HE, 60:1. 
e Higher magnification of d (arrow): cartilage fragment surrounded by synoviocytes HE, 180:1 



Secondary Osteochondromatosis 

Fragments of necrotic bone incorporated in the synovial tissue may in- 
duce a “bone morphogenetic” effect. Comparable to the ability of the 
bone morphogenetic proteins (Urist 1995), connective tissue cells may be 
transformed into osteoblasts with subsequent synthesis of bone matrix. 
Histologically, this situation is characterized by remnants of necrotic 
bone, more or less surrounded by newly formed woven bone (Fig. 12) 
with often peripherally situated osteoblasts. As in fracture healing bone 
new formation may also be due to enchondral ossification of metaplastic 
chondroid tissue. Osteomata or osteochondromata, sessile or peduncu- 
lated, may develop and interfere with the function of the joint. 

In 1978 Ali wrote: 'At present most research workers have their own 
picture of osteoarthrosis''. This situation has not fundamentally changed in 
the past 20 years. The coming and going of hypotheses, theories, and even 
philosophies about one of the oldest diseases of vertebrates ranging from 
elephants to mice, may allow even a pathologist to have his own view on 
the development of this sometimes crippling disorder. 
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Fig. 12a-c. Osteogenesis in synovial membrane with debris synovitis, a Synovial tissue with bone 
fragments HE, 30:1. b Higher magnification of a (arrow): fragment of lamellar and woven bone HE 
(polarized light), 60:1. c Higher magnification of b (arrow): necrotic lamellar bone with adjacent new- 
formed woven bone with osteocytes Inside the matrix HE, 180:1 
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Movement-Induced Orientation: A Potential Mechanism 
of Cartilage Collagen Network Morphogenesis 

K. Ito and S. Tepic 



Introduction 

Articular cartilage is a layer of tissue lining the articulating osseous ends 
in diarthroidal joints. Its primary function is to provide a durable, low 
friction, load-bearing surface. Cartilage on cartilage, lubricated with syn- 
ovial fluid, has a coefficient of friction of 0.02-0.005 (Charnley 1959), 
and regularly provides problem-free performance for a lifetime. Although 
this may not seem so remarkable, comparison to synthetic bearings is 
quite revealing. The coefficient of friction for steel on steel lubricated 
with oil is 0.1 (Jones 1936) and that of dry Teflon on Teflon is 0.04 
(Bowden and Tabor 1950). Furthermore, the life of mechanical bearings 
is often less than 20 years. Articular cartilage is an exceptional material 
with an optimal design for its function. 

This superior performance of articular cartilage is due to the poroelas- 
tic nature of its abundant extracellular matrix, i.e. a mixture of solid 
(35-25% w/w) and fluid (65-75% w/w) (Maroudas et al. 1976; Venn and 
Maroudas 1977). The solid matrix is composed of a coarse fibrous net- 
work of type-II collagen within which proteoglycan (PG) aggregates form 
an entangled molecular network. The latter is immobilized by the col- 
lagen network, perhaps by ionic bonds (Mow et al. 1984; Nimni 1975; Or- 
kin et al. 1976) (Fig. 1). When the joint is loaded, cartilage consolidates 
and exudes its interstitial matrix fluid (Fig. 2). The load is carried by 
fluid pressure, which is maintained through fluid flow resistance of the 
PG network. The low friction lubrication of the joint is also dependent 
on limiting fluid expression from cartilage layers. Although the collagen 
network itself does not appreciably resist fluid flow, it immobilizes the 
entangled PGs to collectively retard the movement of interstitial fluid. 
Thus, the collagen network architecture significantly affects cartilage me- 
chanical properties and its function. 

As expected from its unique functional properties, the collagen net- 
work architecture is highly organized. This architecture is often described 
by partition of the cartilage into four separate layers or zones (Weiss et 
al. 1968). The superficial tangential zone (STZ), nearest the articular sur- 
face, consists of collagen fibers arranged tangential to the surface with 
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Fig. 2. Schematic representation of 
loaded cartilage depicting a porous sol- 
id matrix of collagen and proteoglycan 
aggregates swollen in water. F, applied 
force, fluid, fluid velocity 





38 K. Ito and S. Tepic 



the lamina splendans, a woven sheet of almost pure collagen fibers, at the 
actual surface. The fibers in this zone appear to be additionally aligned 
locally within the tangential plane. In contrast, the collagen fibers in the 
middle zone (MZ), just below the STZ, are randomly oriented and larger 
in diameter. In the deep zone (DZ), the collagen fibers are largest in di- 
ameter and are oriented perpendicular to the tidemark, the calcified car- 
tilage border. These fibers continue into the calcified zone (CZ), crossing 
the tidemark and anchoring the tissue to the bone. The thickness of each 
zone varies: the percentage of total tissue thickness is 10%-15% for the 
STZ and MZ, and up to 80% for the DZ. In addition to this zoning, the 
organization of individual collagen fibers has been described. Benning- 
hoff (1925) proposed an arcade model where fibers were described as 
arising in the subchondral bone, then passing parallel towards the sur- 
face in a radial manner before arching over to run tangential to the sur- 
face and finally returning to the subchondral bone. Since then, other 
models have been proposed confirming the arcade model in part (from 
the DZ to STZ, but not its return path), based on scanning electron mi- 
croscopy investigations (Fig. 3) (Clark 1985; Kaab et al. 1996). Although 
it is generally accepted that this highly organized fibrous network is in 
part responsible for the unique properties of articular cartilage, the phys- 
iological mechanisms that establish and maintain the orientation of indi- 
vidual collagen fibers are relatively unknown. 

Hypotheses on the control of collagen fibril orientation have been ap- 
proached from two separate disciplines: biological and biomechanical. 




Fig. 3. Low magnification scanning electron micrograph of microwave-enhanced chemically fixed, and 
freeze-fractured rabbit medial tibial plateau cartilage with subchondral bone [from Richards (1996)] 
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The typical biological view is centered on the cell. Birk and Trelstad 
(1986, 1989) have presented morphological evidence for cellular control 
of fibril orientation in chick embryo cornea. They contend that collagen 
fibrils are formed within small cellular surface recesses that laterally fuse 
with other recesses to form collagen lamellae and bundles, thereby deter- 
mining the architecture of the collagen network. However, no mechanis- 
tic evidence has been correlated with their morphological interpretations. 
Although their theory is plausible for the organization of the extracellular 
matrix near the cells (pericellular matrix) and in cellularly dense tissue, 
such as developing cornea, it is difficult to envision the means by which 
chondrocytes could orient fibrils in cartilage extracellular matrix. This 
matrix is so sparsely populated by cells and experiences repetitive defor- 
mation of its solid network and flow of its interstitial fluid. 

In biomechanics, the prevalent approach has been that cartilage is op- 
timal and the task is to find the criteria of optimality that will match the 
morphological attributes of the extracellular matrix. The investigations to 
date have shown that this optimal criteria may act through the physical 
environment of the extracellular matrix. Pauwels and his collaborators 
(1980) contend that collagen orientation in cartilage reflects its role as 
the tension resisting element. Split-line patterns (splits, produced by 
puncturing with a rounded awl, reflecting the tangential orientation of 
the collagen fibers in the STZ) from glenoid cavity cartilage specimens 
were correlated to the stress patterns from photoelastic gels with corre- 
sponding geometrical defects. Although no mechanisms were presented, 
they suggest that tension in the extracellular matrix per se orients the 
collagen. 

Observations from other investigations also indicate that the collagen 
fiber architecture may be controlled by the physical environment of the 
extracellular matrix. Stopak et al. (1985), using a developing chicken limb 
bud model, concluded that forces exist within embryonic tissues that can 
arrange extracellular matrices into anatomical patterns. Fluorescent la- 
beled type I collagen fibrils digested from rat tail tendons were injected 
near the developing shaft of a long bone. By confronting the embryo with 
pre-formed collagen fibrils, the biological mechanisms occurring during 
collagen deposition were avoided, yet these exogenous fibrils were found 
properly incorporated within the normal connective tissues of the devel- 
oped wing. O’Conner et al. (1980) found that split-lines on the rat femo- 
ral condyles are well-defined only in the major load-bearing areas of the 
articular surface. Tepic (1982), comparing the femoral head of a newborn 
calf to that of a mature cow, found that these split-lines develop postna- 
tally. Also, both Woo (1976) and Roth (1980) report isotropic tensile 
properties (reflecting an ordered collagen fibrillar architecture) as much 
more isotropic in skeletally immature compared to mature cartilage. The 
work of Tepic, Roth and Woo all indicate that collagen orientation devel- 
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ops during the postnatal growth period, and before skeletal maturity. As- 
suming smaller joint loads in utero, these observations are all consistent 
with the hypothesis that collagen orientation in cartilage is driven by 
forces generated within the extracellular matrix by physiological joint 
loads. In contrast to the solid stress-based hypothesis (tensile trajec- 
tories), we consider the poroelastic nature of cartilage, and postulate that 
collagen fiber network architecture is produced by interstitial fluid move- 
ment accompanying cartilage deformation during normal joint loading. 

Movement-Induced Orientation Mechanism 

Our movement-induced orientation proposal for collagen fibrils is moti- 
vated by the fact that short fibers can be oriented by movement relative 
to a finer, reticulated, three-dimensional, isotropic network (Laurent et al. 
1975; Ogston et al. 1973). Such networks typically exist in gels. A true gel 
is a colloidal system, in which the network junctions are of infinite dura- 
tion, giving the gel a non-zero equilibrium shear modulus. However, the 
orientation mechanism proposed herein is also compatible with a wider 
class of gel-like substances exemplified by entangled three-dimensional 
networks of polymer chains (Laurent et al. 1975). 

The force acting on, and the resulting movement of, a fiber through an 
elastic/viscous medium is illustrated in Fig. 4. The elastic network of the 
medium is depicted by its nodes. Force F is the resultant body force on 
the fiber, inclined from the normal to the fiber by an angle a - compo- 
nents of F normal and parallel to the fiber are denoted as Fn and Ft, re- 
spectively. Force Fn is balanced by elastic stresses in the network. If Ft ex- 
ceeds the piercing force Fp, the fiber moves, driven by the force Ft - Fp. 
As the fiber advances into a less strained area of the network the balance 
of forces is disturbed. Movement of the fiber out of the strained network 
at the rear, and its threading into a less strained network at the front, 
produces a net moment, tilting the fiber, as indicated by its next few po- 
sitions in Fig. 4. The components Fn and Ft change as well: Fn decreasing. 
Ft increasing. The fiber turns and accelerates until the piercing force Fp 
and the viscous drag, induced in the fluid, balance the force Ft (ulti- 
mately F). The fiber then continues moving at a constant speed, oriented 
parallel to its trajectory (and force F). 

After extracellular assembly and prior to incorporation into the extant 
collagen network, the new collagen fibrils are dispersed within a gel-like 
medium, the ubiquitous proteoglycans that form an entangled, molecular 
scale network of the extracellular matrix. The force to move the fibrils 
may be generated by the viscous drag of the fluid moving through the 
molecular (PG) network already immobilized by the extant collagen net- 
work. This fluid flow is created by the activities of daily living imposed 
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Fig. 4. Progression of a fiber (F) driven by forces through a poroelastic medium 



on the tissue. Thus, the conditions of fibril movement through the fine, 
three-dimensional, PG network, we believe, give rise to orientation in the 
process of assembly of the coarse collagen network. However, for the pro- 
posed mechanism to function in cartilage, various conditions pertaining 
to the geometry and mechanical properties of the loose collagen fibrils 
and the PG network must be satisfied. 



Movement-Induced Orientation Model 

To evaluate this mechanism in cartilage, a simple model was developed 
incorporating the physical relationships required for this mechanism. In 
the model, the elastic portion of the network is represented as n elastic 
elements each with stress, ai, supporting the fiber with a lumped or body 
force, F, at the fiber centroid (Fig. 5 a). The stress state of the network not 
directly underneath the fiber (but near the ends) is neglected, in a man- 
ner similar to the analysis of beams on an elastic foundation. The dissi- 
pative resistance or time-dependent motion, both perpendicular and par- 
allel to the fiber axis, is represented with lumped elements. This resis- 
tance is the combination of the viscous resistance of: (1) the fluid on the 
fiber, (2) the fiber on the network, and (3) the network on the fluid (re- 
tardation of the network), where some or all of the above are applicable. 
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Fig. 5a-c. Discreet time-depen- 
dent model of movement-induced 
orientation: a initial equilibrium, 
b after || movement l/n producing 
moment M, c re-establishment of 
equilibrium after time dt=l by/n 
F sin 0 



The relaxation of the network is neglected, because for the step-loads 
used in the analysis, an elastically deformed part of the network always 
supports the fiber moving much like a pressure wave with the fiber. 
Damping coefficients are incorporated into the model as the resistance in 
the parallel direction (with respect to the fiber axis), b||, and the ratio of 
this resistance to that in the perpendicular direction, b^/b||. Finally, the 
fiber of length, /, is assumed to be mass-less and rigid, with a diameter 
not much larger than the average pore size of the network. Hence, the 
elastic resistance of the network parallel to the fiber can be neglected. 

The orienting moment, arising from the disturbance of the elastic re- 
storing force of the network perpendicular to the fiber, is modeled in a 
discrete fashion. As the fiber moves forward by //n, the energy stored in 
the elastic element no longer loaded by the fiber (the nth) is dissipated 
and the tip of the fiber moves into an unstrained network at the front 
(Fig. 5b). This imbalance of supporting force, Zai, and applied force, 
Fn = F cos 0, creates a moment, M, which causes the fiber to turn and 
translate perpendicularly in order to re-establish equilibrium (Fig. 5 c). As 
the fiber proceeds to move by //n along its axis, it continues to turn until 
it is parallel with the direction of the lumped or body force. 
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The model was validated by comparison to an analytical solution of a 
slender body sedimenting in a viscous fluid, and by experimental data of 
a fiber sedimenting in a 1% gelatin gel. For simulation of the viscous 
fluid, the network was made infinitely stiff (unable to store elastic en- 
ergy) and the ratio of resistance perpendicular to the resistance parallel 
was set to 2.0 (Happel and Brenner 1983). The model predicts that the fi- 
ber does not turn and that the angle of the path is 19.5° to the vertical. 
This result is identical to the analytical solution for low Reynolds num- 
ber flows (Happel and Brenner 1983). For validation against a physical 
model, the sedimentation of a stainless steel fiber in a 1% gelatin gel was 
recorded and digitized. The driving force was the measured weight of the 
fiber and the resistance in the parallel direction was calculated from the 
terminal velocity. Best fit values for network stiffness and b^ were found 
using a modified feasible directions algorithm and least squares criterion 
(Vanderplaats 1984). The model-predicted path corresponded quite well 
to the gelatin experiment (Fig. 6). Hence, it can be concluded that this 
model has the basic physical relationships necessary to simulate the 
movement-induced mechanism in gel-like media for a wide variety of 
media ranging from a viscous fluid to a true gel. 



Collagen in Cartilage Extracellular Matrix 

To evaluate the potential of the movement-induced orientation mecha- 
nism for collagen in cartilage extracellular matrix, the parameter values 




Fig. 6. Model-simulated path of a 0 0.6x12.6 mm stainless steel fiber sedimenting in a 1% gelatin 
solution 
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of collagen and cartilage extracellular matrix are required. Although they 
have not been directly measured it was possible to estimate them from 
known parameter values of the individual extracellular matrix compo- 
nents. 

The drag force was calculated from fluid velocities and fibril geometry 
using potential fluid flow theory. The geometry of loose collagen fibrils, 
010.4 ±0.5 nmx 1.06 ±0.03 pm, were taken from those isolated by irriga- 
tion of PG digested full-term bovine fetal femoral articular cartilage (pa- 
tellar groove) (Ito 1994). The fluid velocity was calculated from joint con- 
solidation and pressure measurements. Because the fluid is incompress- 
ible, the velocity of the fluid with respect to the solid matrix is approxi- 
mately the rate of deformation of the joint surface. From the radio- 
graphic joint consolidation measurements of Armstrong et al. (1979) on 
loaded human cadaveric hip joints, the fluid velocity calculated from 
early creep is on the order of 1 pm/s. Using the formula for drag forces 
on a finite cylinder derived by Cox (1970), the drag force on the loose 
collagen fibrils is expressed as a function of the angle, 0 between the 
fibril axis and the fluid flow. For 0 = 90'', the F^ = 2.29x 10"^^ N for a 
010 nmx 1 pm fibril. 

After calculation of the drag force, the assumptions of a rigid mass- 
less fiber were verified. Assuming a simple, end-supported, cylindrical 
beam loaded with a lumped mid-beam force, equivalent to the drag force, 
the maximum deflection is only 0.69% of the fiber radius for a type I col- 
lagen with modulus of 1.4 GPa (Baer et al. 1988). With a molecular 
weight of 90 kDa for type II collagen molecules, the mass of the loose 
collagen fibril is approximately 22.1 x 10“^^ kg, assuming 100% collagen 
per fibril. Since the accelerations in the model are less than 2x10”^^ m/s^, 
the inertial force experienced by the fiber is 10"^^ of the drag force. 
Hence, our assumption of a rigid mass-less fiber was justified. 

The stiffness of the PG network embedded within the extant collagen 
network was calculated from viscoelastic measurements of PG solutions 
and finite element analysis. As the loose collagen fibril is dragged by the 
fluid flow, it is forced to move relative to the fine molecular network of 
PGs. Hence, the stiffness of the network is that of the entangled PG mole- 
cule solution embedded in or fixed by the extant collagen network. The 
modulus for this PG network is different to that of cartilage. The modu- 
lus of cartilage is a result of Donnan osmotic equilibrium with bulk com- 
pression and exudative flow of interstitial fluid, whereas very little inter- 
stitial fluid is displaced and no bulk compression of the PG network oc- 
curs during the movement of the fibril. Using the viscoelastic measure- 
ments conducted by Mow et al. (1984b) on PG solutions of near physio- 
logical concentration and percent aggregation, the modulus of a physio- 
logical concentration (50 mg/ml) PG aggregate solution, assuming a Pois- 
son’s ratio of 0.5 (Mow et al. 1984b), is 5.6 Pa. This modulus was then 
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used in a finite element model of the PG entangled network imbedded in 
the extant collagen network, created using geometry measured from 
transmission electron microscopy of the unloaded cartilage extracellular 
matrix (Ito 1994). Finally from the finite element model, a stiffness of 
2.5x10"^ N/m was calculated for the PG aggregate entangled network em- 
bedded within the extant collagen network. 

The dissipative resistance of the PG network to fibril motion may be 
due to two different modalities. In the first modality, the fibril moves 
through an entangled solution of PG aggregates with bulk flow of the 
PGs. In this case the dissipative resistance would simply be a function of 
the PG aggregate solution viscosity. In the second modality, the fibril 
moves through the entangled network of PG aggregates, but the PGs are 
bound at discreet points to the extant collagen network and experience 
no bulk motion. In the latter case the dissipative resistance would be due 
to the retardation of the network (dissipative resistance between the net- 
work and the interstitial water). Because the PG inter-monomer space on 
a hyaluronate backbone is similar to the loose collagen fibril diameter, 
the fibril probably displaces the individual PG monomers and deforms 
the PG aggregates, but would not displace PG aggregates relative to each 
other (Fig. 7). Hence, the dissipative resistance parallel to the fibril axis is 
probably the second modality and perpendicular to the fibril axis is the 
first modality. However, to distinguish between these two modalities may 
be too detailed considering the other assumptions in this analysis. Hence, 
the more demanding of the two modalities, the viscosity derived dissipa- 
tive resistance, was used for further analysis. Because the PG aggregate 




Fig. 7. A loose collagen fibril moving parallel to the fibril axis through the entangled PG network em- 
bedded in the extant collagen network 
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solution is a non-Newtonian fluid and has a shear rate dependent viscosi- 
ty, the upper limit of the damping coefficients, b|| = 3.64xl0"^ N s/m and 
b_L/b|| = 1.64, were calculated from the zero shear rate viscosity measured 
by Mow et al. (1984 a) for a 50 mg/ml PG aggregate solution. 

Because of its unique extracellular matrix properties and the higher de- 
formations, with regard to the deeper zones, the parameter values for the 
STZ were calculated separately. In this zone, Maroudas (1969) has shown, 
via the fixed charged density, that the glycosaminoglycan content is 40% 
of that found in the middle zone giving a PG aggregate concentration of 
approximately 20 mg/ml. From the viscoelastic measurements of Mow et 
al. (1984b), this lower PG concentration corresponds to a lower elastic 
modulus of 1.04 Pa for the PG network and a stiffness of 0.46xl0"^N/m 
for the entangled PG aggregate network embedded in the extant collagen 
network. Also, with a lower PG concentration, the zero shear rate viscosity 
becomes 0.5 N s/m^ and the corresponding b|| is 7.0 x 10“^ N s/m for the dis- 
sipative resistance to fibril motion. 

In addition to these different PG network characteristics, the intersti- 
tial fluid velocity is higher in this zone. If we examine a cylindrical con- 
trol volume into the depth of cartilage, the fluid expressed during consol- 
idation must flow either tangentially through the cartilage or out and 
through the interarticular gap. Macirowski (1994) showed the conduc- 
tance of the interarticular gap in the hip is less than one third of the con- 
ductance through the tissue. Hence, two thirds of the expressed fluid 
flows tangentially through the STZ. With a surface displacement rate 
1 pm/s (Armstrong et al. 1979), contact area radius of 10 mm in the ace- 
tabulum (Tepic 1982) and an STZ depth of 100 pm (Meachim and Stock- 
well 1979), the tangential average velocity in the human hip joint is ap- 
proximately 30 pm/s. However, since the flow rates will have local varia- 
tions due to incongruency of the articulating surfaces (Tepic 1982), a 
more conservative flow rate of 5 pm/s and a corresponding drag force of 
¥j_= 1.15x10”^^ N was used for model simulations. 

Finally, using these respective model parameter values, the orientation 
and path of loose collagen fibrils in the general cartilage extracellular ma- 
trix (Figs. 8 and 9) and in the STZ cartilage extracellular matrix (Figs. 10 
and 11) were simulated. Although the results of the model are difficult to 
evaluate with respect to collagen fiber network assembly in cartilage, the 
time to orientation and the length of the fibril path should be consistent 
with observed phenomena. The loose collagen fibrils oriented by the drag 
induced mechanism are believed to assemble with other loose fibrils, 
after orientation, into larger banded fibers that then become incorporated 
into the extant collagen network. Leblond et al. (1981) have investigated 
this incorporation rate, and have shown with radioautography that this 
occurs within one to several days for dentin and bone matrix. Assuming 
that the rate of collagen fibril incorporation into the extant network for 
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|. 8. Model-predicted path of the loose collagen fibril in cartilage extracellular matrix 




Fig. 9. Model-predicted orientation of the loose collagen fibril in cartilage extracellular matrix 



cartilage is of a similar order of magnitude to that of bone, under physio- 
logical loading conditions, the mechanism must orient the loose collagen 
fibrils within days. In the general cartilage matrix, the model predicts 
that the loose collagen fibril would require more than 2 weeks for orien- 
tation under similar conditions, but in the special case of the STZ, the 
model predicts that loose collagen fibrils will become oriented within an 
hour. Thus, this model supports the movement-induced orientation 
mechanism hypothesis only within the STZ of cartilage. 
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Ffg. 10. Model-predicted path of the loose collagen fibril in the superficial tangential zone of carti- 
lage extracellular matrix 




Time [KlO^sec] 



Fig. 11. Model-predicted orientation of the loose collagen fibril in the superficial tangential zone of 
cartilage extracellular matrix 



With respect to the fibril path length, its rather extreme length is a re- 
sult of the constant drag force used to drive the model Under a step 
load, the predicted translational movement of the fibril can be up to 
600 pm for flow rates of 1 pm/s (Fig. 8) and 23 pm for flow rates of 
5 pm/s in the STZ (Fig. 10). However, under the activities of daily life, ar- 
ticular cartilage is subjected to cyclical loads, and hence the fluid flows 






Movement-Induced Orientation 49 



and drag forces are also cyclical. Although a cyclically loaded model was 
not simulated, characteristics of the cyclical response can be inferred 
from the step load response. First, under cyclical loading the fibril would 
not travel such great distances but would be dragged to and fro, gradual- 
ly orienting, but not translating significantly. Of course, the average in- 
tensity of the flow would also be decreased with cyclical loads and the 
orientation would require more time, but for sinusoidal flow cycles, the 
intensity would only decrease by one half, and the fibril would still be- 
come oriented within 24 h. Finally, in the above model, relaxation of the 
PG network was neglected because a portion of the network directly un- 
der the fibril is always elastically deformed. However, with decreased fre- 
quency of cyclical motion, the PG network will relax, with some loss of 
the elastic stored energy. This change in the elastic nature of the PG net- 
work with frequency was included in the model by calculating the elasti- 
city of the PG network at 1 Hz, the physiological loading rate. Hence, un- 
der the more physiological conditions of cyclical load, the model results 
indicate that the movement-induced orientation mechanism has the po- 
tential to orient loose collagen fibrils in the superficial zones of articular 
cartilage. In the deeper zones of articular cartilage, the flow velocity does 
not appear sufficient for such an orientation mechanism to function, and 
the radial orientation of the large fibers observed in this zone may be a 
result of tissue growth. 

Significance 

Animal studies have suggested that joint loading and motion can elicit 
various biological responses in articular cartilage. Immobilization has 
been found to decrease PG synthesis and content (Caterson and Lowther 
1978) resulting in tissue softening (Jurvelin et al. 1989). In the major 
load-bearing areas of cartilage, the PG content is often higher (Slowman 
and Brandt 1986), and can even be increased by more dynamic loading 
(Caterson and Lowther 1978). Furthermore, remobilization of an immobi- 
lized joint can often return to normal the PG synthesis rates and content 
levels (Jurvelin et al. 1989). 

The qualitative results seen in these animal studies have been con- 
firmed and quantified using explant models. It has been shown that 
while static compression significantly inhibits PG and protein synthesis, 
dynamic compression can stimulate matrix production (Sah et al. 1989). 
This biological response to loading may be modulated by various physi- 
cal phenomenon in the cartilage, e.g. osmotic pressure, fixed charged 
density, cell deformation, streaming potentials, pressure gradients, fluid 
flows, etc. However, the experiments of Kim et al. (1995) indicate that 
fluid flow phenomenon is currently the most consistent with observa- 
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tions. They compressed cartilage discs between two non-porous plattens 
to produce non-uniform spatial profiles of fluid velocity. At higher fre- 
quencies, hydrostatic pressure was highest in the center of these discs, 
whereas fluid velocities were greatest at the periphery. The observed syn- 
thetic patterns most closely matched the radial distribution of fluid flow. 
Thus, the stimulation of chondrocyte matrix synthesis by dynamic load 
appears to be through the mechanism of fluid flow, similar to the organi- 
zation mechanism of the collagen network architecture. 

If indeed articular cartilage matrix synthesis and collagen architecture 
is dependent on joint loading and fluid flow, what are the clinical impli- 
cations? With the demonstration of the limited regeneration capacity of 
native articular cartilage, engineered tissue substitutes and autografts 
have been advocated as biological replacement material. Although the 
morphologies of these replacements may be similar to that of the native 
cartilage, their biomechanical properties are often insufficient. It has al- 
ready been recognized that dynamic loading during engineered tissue 
growth may enhance extracellular matrix synthesis and chondrocyte pro- 
liferation rates. In addition, dynamic loading of engineered cartilage may 
be required to generate native like collagen fiber architectures. Ultimately, 
for the long-term survival and performance of any cartilage replacement, 
joint loading and particularly interstitial fluid flow may be necessary. 



Conclusion 

Articular cartilage provides a durable, low-friction, load-bearing surface 
for our synovial joints. This performance results in part from a well-orga- 
nized collagen fiber network architecture. Teleological arguments have 
dominated past interpretations of cartilage structure (Pauwels 1980; Roux 
1985) leaving the collagen orientation mechanism unresolved. 

All connective tissues are poroelastic and their loading results in both 
deformation and fluid flow. We postulate that collagen orientation is in- 
duced by fluid movement, whereby newly assembled, yet unlinked, stiff 
collagen fibrils are dragged through the extracellular matrix (Tepic and 
Ito 1997). Fibril orientation arises through its elastic interaction with the 
molecular-scale network of proteoglycans found in the extracellular ma- 
trix. Collagen architecture is the result of cross-linking these oriented fi- 
brils into the extant collagen network. 

This movement-induced orientation mechanism has already been dem- 
onstrated for movement of DNA segments in hyaluronate solutions 
(Laurent et al. 1975). Most recently, a simulation model has been devel- 
oped for this orientation mechanism (Ito et al. 1999). With physiological 
parameter values, it has demonstrated the potential of movement-induced 
collagen fibril orientation in articular cartilage. 
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With recent developments in tissue engineering for treatment of dam- 
aged cartilage, the effect of loading on cartilage has become clinically re- 
levant. It has been recognized that dynamic loading of cartilage enhances 
extracellular matrix synthesis and chondrocyte proliferation rates (Grod- 
zinski et al. 1998). Furthermore, dynamic loading of engineered cartilage 
may be required to generate native-like collagen network architectures 
important for biomechanical performance. 
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Pharmacological Basis for the Therapy of Osteoarthritis 



J. Steinmeyer 



Introduction 

For a targeted pharmacologically oriented basic therapy for osteoarthritis, 
it is important that the drugs should act against the underlying process 
of cartilage destruction. A deep insight and exact knowledge of the 
pathogenetic reactions that occur during the course of degenerative joint 
disease are necessary for the development of such agents. Fortunately, 
from the field of experimental osteoarthritis research, a large number of 
new and interesting findings have come to light over the last 5-10 years 
concerning the pathogenesis of osteoarthritic joint dysfunction. In order 
to illustrate the present possible starting points for a pharmacological 
intervention, some aspects of the pathogenesis of osteoarthritis is first 
briefly described as it is currently understood. 



Special Aspects in Pathogenesis 

In healthy articular cartilage an equilibrium exists between the anabolic 
and catabolic activities of the chondrocytes. In osteoarthritic joints, a 
disturbance in this equilibrium occurs, which ultimately leads to a degra- 
dation and loss of cartilaginous tissue. The essential pathophysiological 
changes within osteoarthritic joint cartilage that lead to a progressive de- 
struction of that tissue include the increased breakdown of type II col- 
lagen and proteoglycans (Mankin and Brandt 1997). Previous studies con- 
centrated primarily upon the destruction of aggrecan and collagen, 
although proteolytic destruction of other molecules such as link proteins, 
fibronectin, decorin, etc., might also fatally influence the integrity of ar- 
ticular cartilage. Histological and biochemical studies show that the de- 
struction of the collagen fibers occurs with an increased biosynthesis of 
collagenases, enzymes that belong to the matrix-metalloproteinase 
(MMP) family. Biochemical analysis of the proteoglycan fragments re- 
vealed that a proteolytic breakdown of proteoglycans occurs in vivo. The 
proteoglycans can be broken down by various MMPs (e.g. stromelysin), 
as well as other proteases (e.g. plasmin, aggrecanase, PMN elastase) 
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(Nagase and Okada 1997; Sandy et al. 1992). The activity of these MMPs 
is controlled by endogenously occurring inhibitors, known as tissue in- 
hibitors of metalloproteinases (TIMP), which are also synthesized by the 
chondrocytes (Nagase and Okada 1997). 

MMPs such as stromelysin and collagenase are secreted as proenzymes 
and have to be activated extracellularly in a multi-step process before 
they can cleave their substrates (Nagase and Okada 1997). Figure 1 sum- 
marizes the present knowledge and hypotheses concerning the biosyn- 
thesis, activation and activity of MMPs and their role in the destruction 
of articular cartilage (Mankin and Brandt 1997; Nagase and Okada 1997; 
Pelletier and Martel-Pelletier 1993; Pelletier and Howell 1993): within this 
scheme, the serine protease plasmin is partly involved in the activation of 
MMPs. Plasmin is produced from plasminogen as a result of the activity 
of plasminogen activators (tPA; uPA). The activity of these serine pro- 
teases is in turn regulated by the PAl-1 (plasminogen activator inhibitor- 
1) content of the tissue. Interestingly, there is not only an increased bio- 
synthesis of these plasminogen activators in osteoarthritic articular carti- 
lage, but there is also a drastically reduced content of PAI-1; as a result 
of both these processes, an increased formation of plasmin from plas- 
minogen occurs. Plasmin in turn activates the latently occurring MMPs, 




Fig.1. Some major factors involved in catabolism of articular cartilage [modified from Pelletier and 
Howell (1993)]. Note that stromelysin and collagenase are mentioned as examples of important ma- 
trix-metalloproteinases (MMPs) involved in catabolism of cartilage. IL-1, interleukin-1; TNF-alpha, tu- 
mor necrosis factor-alpha 
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which then degrade the extracellular matrix of the articular cartilage. 
With the increasing destruction of the articular cartilage, fragments of 
collagen, proteoglycans and possibly other extracellular matrix compo- 
nents can gain access to the synovial fluid where they can induce or ex- 
acerbate inflammatory reactions. The inflammation is more than likely 
responsible for the increased levels of interleukin- 1 (lL-1), which are of- 
ten measured in the synovial fluid of osteoarthritic patients. The cyto- 
kine IL-1 influences the chondrocytes so that they produce more MMPs 
and plasminogen activators while the biosynthesis of important physio- 
logical inhibitors, such as TIMP-1 and PAI-1, are reduced. Furthermore, 
IL-1 acts to reduce the biosynthesis of collagen and proteoglycans. The 
imbalance between the levels of catabolic enzymes and their natural in- 
hibitors leads to an increased content of active MMPs. This, combined 
with the reduced biosynthesis of extracellular matrix, results in a severe 
damage of the articular cartilage. 

Although, (1) osteoarthritis has a multiple etiology and, (2) both me- 
chanic and biochemical/metabolic factors play essential roles in this dis- 
ease, one or more of the above-mentioned factors appear to be responsi- 
ble for the increased content of proteolytic enzymes that are synthesized 
by the chondrocytes and that definitively take part in the progressive de- 
struction of articular cartilage. As a consequence of this destruction 
there is an increased release of extracellular matrix fragments into the 
synovial fluid where they can bring about or exacerbate an inflammatory 
reaction of the synovial membrane. Inflammation of the synovial mem- 
brane leads to an increased formation of, for example, IL-1 with the ef- 
fect that a vicious circle is produced which leads ultimately to a progres- 
sive destruction of the articular cartilage. 



Pharmacological Concepts 

The pathogenetic findings already presented allowed the development of 
a pharmaceutical strategy aimed at providing a specific basic therapy for 
osteoarthritis. As such, it is necessary to synthesize and/or validate drugs 
that are effective in the catabolic area: 

1. As direct inhibitors of the catabolically active MMPs and aggrecanase 
and/or 

2. As blockers of the biosynthesis of such catabolic enzymes, and/or 

3. As inhibitors of the activation of precursor enzymes to their active 
forms, and/or 

4. As stimulators of the biosynthesis of endogenously occurring inhibi- 
tors (TIMP-1, PAI-1) and/or, 

5. As inhibitors of proinflammatory cytokines. 
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It also seems sensible and indeed desirable to develop agents that can in- 
crease the anabolic functions of chondrocytes concerning their ability to 
synthesize the extracellular matrix. 

It can be expected from such agents that the proteolytic destruction of 
the articular cartilage would be stopped or at least decelerated so that the 
progression of osteoarthritis is counteracted. 



Presently Available Medications 

Apart from the fast-acting nonsteroidal antiinflammatory and analgesic 
drugs, a number of other well-tolerated and effective preparations are 
available for a medication-based symptomatic treatment of osteoarthritis; 
the latter have been termed by the Osteoarthritis Research Society (OARS 
1992) as “slow acting drugs in osteoarthritis (OA)”, or SADOAs for short 
(Bach 1996; Lequesne 1993). The term “chondroprotection” was coined in 
1983 by Annefeld and Fassbender; this described the protective effects of 
individual nonsteroidal antiinflammatory drugs against ultrastructural 
changes induced in rat chondrocytes by massive doses of corticosteroids. 
This term is somewhat antiquated today and should no longer be used. 
Other drugs exist for which an antiarthritic effectiveness has been postu- 
lated and that have no defined mechanism of action (e.g. homeopathic 
agents, gelatin, various mixed preparations of organ extracts or lysates). 
According to the recommendations of the OARS, SADOAs can be classi- 
fied concerning their effectiveness into the following subgroups: 

1. Symptomatically effective preparations: symptomatic slow acting drugs 
in OA (SYSADOAs); included amongst these are ademethionine (GUM- 
BARAL), D-glucosamine sulfate (DONA 200 S), oxaceprole (AHP-200), 
and hyaluronic acid (HYALART). 

2. Disease modifying OA drugs (DMOADs). These, according to defini- 
tion, inhibit, decelerate or even reverse morphologically definable carti- 
lage defects in human clinical studies. For this property - with its ac- 
tivity directed towards hyaline cartilage - no clinical evidence has so 
far been provided since the validation of biochemical/immunological 
parameters or imaging procedures, for example, remains outstanding. 

The recommendations of a group of international scientific arthritis so- 
cieties concerning the standardized testing and registration requirements 
for osteoarthritis medications led in 1996 to a subclassification of drugs 
into groups of: (1) “symptom modifying drugs”, and (2) “structure modi- 
fying drugs” with/without an additional antisymptomatic activity (Dou- 
gados 1996). 

In the following, the most significant findings on the effects of SYSA- 
DOAs on articular cartilage that were determined in in vitro and animal 
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experimental studies will be presented. It has to be stressed, however, 
that the presented mosaic of in vitro and animal in vivo studies cannot 
be extrapolated to the human clinical situation without reservations. 



In Vitro Studies on Cell and/or Cartilage Explant Cultures 

The influence of SYSADOAs on chondrocyte metabolism has been inves- 
tigated by several research groups. Ademethionine (>10"^M), D-glucos- 
amine sulfate (>10"^M), hyaluronic acid (1 mg/ml) and oxaceprole 
(>10"^ M) all stimulate the synthesis of proteoglycans by cultured chon- 
drocytes obtained from various species (Bassleer et al. 1993; Harmand et 
al. 1987; Kalbhen and Kalkert 1987; Riera et al. 1990; Tanaka et al. 1997). 
In order to determine how far the results of in vitro experiments are 
therapeutically significant, one has to know the concentrations of the 
agents in the synovial fluid, or at least in patient serum, after a therapeu- 
tic dose is given. As such, Stramentinoli (1987) reported that the concen- 
tration of ademethionine in patients’ synovial fluid after giving a thera- 
peutic dose was in the order of 10“^ M. The concentrations of D-glucosa- 
mine sulfate or oxaceprole in patients’ synovial fluid after therapeutic 
dosing, however, are not currently known. If one assumes similar sized 
molecules and similar dosing, it can be presumed that the concentration 
of each of the agents would also be around 10"^ M in the patients’ synovi- 
al fluid. In man, therefore, the proteoglycan synthesis stimulating effect 
of ademethionine and D-glucosamine sulfate would only be brought about 
at concentrations in the synovial fluid between 10- and 100-fold higher 
than those that are actually achievable after an oral therapeutic dose. Ani- 
mal experimental studies (Laurent et al. 1992; Engfeldt and Hjertquist 
1967) show that the half life of hyaluronic acid in the joints is between 
13 and 20 h, with the result that this medication is completely eliminated 
from the joints after 3-4 days. When one considers that a hyaluronic acid 
therapy is usually dosed in 5x20 mg intra-articular injections given at 
weekly intervals, this would mean that a stimulating effect on proteogly- 
can synthesis could only be expected during the first couple of days after 
injection. 

The investigations by Vivien et al. (1993) are also interesting. They de- 
termined that >10“^M oxaceprole not only stimulates collagen synthesis 
to a small extent in cultured human chondrocytes, but that it also inhib- 
its the IL-1 induced release of collagen from rabbit articular cartilage. 
Here, it is certainly true that the concentrations used were somewhat 
higher compared to the presumed concentrations of this medication in 
patients’ synovial fluid. On the other hand, Riera et al. (1990) reported 
that even high concentrations of oxaceprole could not inhibit the cata- 
bolic breakdown of proteoglycans and the accompanying loss of proteo- 
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glycans from bovine articular cartilage explants. In contrast, several stud- 
ies have shown that hyaluronic acid even at low concentrations (0.1- 
1.5 mg/ml) can inhibit the IL-1 -induced, tumor necrosis factor- alpha-in- 
duced or fibronectin fragment-induced loss of proteoglycans from articu- 
lar cartilage explants obtained from various species (Akatsuka et al. 1993; 
Homandberg et al. 1997; Morris et al. 1992; Shimazu et al. 1993). This in- 
hibitory effect on the cytokine-induced loss of proteoglycans may arise 
because the hyaluronic acid forms a film over the cartilage surface and 
thereby prevents the penetration of IL-1 TNF-alpha or fibronectin frag- 
ments. When considering the short half-life of hyaluronic acid within the 
joint, it is clear that such an effect could only be apparent for a few days. 



Enzyme Kinetic Studies 

As has already been mentioned, the inhibition of MMPs and/or aggre- 
canase activity can contribute significantly to an anticatabolic action. On 
this subject, several interesting studies have already been published. 
Hence, ademethionine and D-glucosamine sulfate, even at high concentra- 
tions (lO'^^M), had no inhibitory effects on the activity of MMPs that 
partake in proteoglycan and collagen breakdown (Steinmeyer and Dau- 
feldt 1997; Hiibner et al. 1997). Ademethionine and oxaceprole also exert 
no inhibitory effects on the activity of plasmin or plasminogen activators 
that clearly take part, as already mentioned, in the activation of latent se- 
creted MMPs (Steinmeyer at al. 1996). 

Further studies will help to resolve whether these pharmaceuticals af- 
fect the biosynthesis of these catabolic enzymes or their natural inhibi- 
tors. One study has shown that D-glucosamine sulfate reduces the MMP 
stromelysin mRNA content in cultures of human chondrocytes at a high 
concentration of 5x10“^ M (Jimenez and Dodge 1997). However, it 
should be pointed out that a raised or reduced mRNA content does not 
allow any statement to be made concerning the quantities of newly 
formed molecules since the synthesized mRNA can be subjected to many 
types of post-translational modification. Hyaluronic acid has also been 
investigated for its effects on the biosynthesis of TIMP and stromelysin, 
whereby contradictory results have been reported; a reduced, unchanged 
or even increased biosynthesis of stromelysin has been described (Akat- 
suka et al. 1993; Homandberg et al. 1997; Yasui et al. 1992). Yasui et al. 
(1992) showed raised synthesis of both stromelysin and TIMP, whereby 
the ratio of TIMP to stromelysin was shifted in favor of the TIMP. 
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Animal Experimental Studies 

The clinical evaluation of the intensity and progression of degenerative 
human joint disorders is presently still very difficult; this is because both 
the beginning and early symptom-free phase of the degeneration process 
cannot be determined exactly. Furthermore, no adequate, standardized 
parameters are available for a quantitative objective evaluation of ad- 
vanced osteoarthritis. From an experimental point of view, and for ethi- 
cal reasons, animal experiments offer the advantage that an objective 
evaluation parameter can be measured that describes the disease modify- 
ing effect on the articular cartilage. In other words, one can check 
whether the drug - at least in animal experiments - has a basic therapeu- 
tic effect, i.e. one that results in protection or even regeneration of the ar- 
ticular cartilage, since the joint can be investigated biochemically and 
histologically at the end of such experiments. Several animal experimen- 
tal studies have been published on this matter. 

In the model used by Kalbhen et al. (1987), Kalbhen and Jansen 
(1990), osteoarthritic changes in chicken knee joints were biochemically 
induced by injecting monoiodoacetic acid. Using this model, ademethio- 
nine (0.5-2 mg), D-glucosamine sulfate (0.02-12 mg), hyaluronic acid 
(0.01-1 mg), or oxaceprole (0.01-1 mg), injected intra-articularly 1-2 
times weekly produced no significant reduction in the intensity or pro- 
gression of degenerative changes in the chicken knee joints. In the same 
study, however, 1 mg ademethionine was found to be effective. Such a 
lack of a dose-dependent effect is unusual within the field of pharmacol- 
ogy and there is no explanation for it at the present time. It should also 
be mentioned, however, that when ademethionine, D-glucosamine sulfate 
and oxaceprole are dosed orally, substantially lower amounts of these 
drugs are found in the synovial fluid than are seen after intr a- articular 
injection. 

In another animal experimental study (Raiss 1985), a 24 mg intramus- 
cularly injected dose of D-glucosamine sulfate given twice weekly pro- 
vided a certain protective effect against dexamethasone-induced degen- 
erative changes in rat articular cartilage. 

Another in vivo model, in which osteoarthritic changes were induced 
mechanically by a partial meniscectomy, the effect of ademethionine and 
hyaluronic acid on articular cartilage of rabbits was investigated (Barcelo 
et al. 1987; Kikuchi et al. 1996). Ademethionine intra-muscular injections 
given daily over a period of 12 weeks (30 or 60 mg/kg per day) resulted 
in significant increases in both cartilage cell-counts and cartilage thick- 
ness (Barcelo et al. 1987). The increase in cartilage thickness allows us to 
presume that ademethionine has a stimulating effect on the anabolic 
functions of the chondrocytes. Hyaluronic acid (0.1 ml/kg, 10 mg/ml), in- 
jected intra-articularly twice weekly - which does not correspond to the 
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human therapeutic dosing - reduced the histopathologically recognizable 
degeneration of articular cartilage (Kikuchi et al. 1996). 

The effect of hyaluronic acid was also studied on experimental osteoar- 
thritis in the rabbit knee which underwent unilateral anterior cruciate lig- 
ament transection (ACLT) (Yoshioka et al. 1997; Shimizu et al. 1998). 
0.3 ml hyaluronan (ARTZ), having a molecular weight of 8x10^, was in- 
tra-articularly injected once a week for 5 weeks beginning 4 weeks after 
ACLT. The contralateral nonoperated knee served as control. The mor- 
phologic, histomorphometric and biochemical results of these studies in- 
dicated that hyaluronan has a protective effect on the articular cartilage 
up to 21 weeks post- ACLT. 

Hyaluronic acid was intensively investigated in Australia by Prof. 
Ghosh’s group using a sheep model (Armstrong et al. 1994; Ghosh 1994; 
Ghosh et al. 1995). In this model, osteoarthritis in the knee joint was me- 
chanically induced by a partial meniscectomy. The sheeps received hyal- 
uronic acid (2 ml, 10 mg/ml) by intra-articular injection once weekly 
over a period of 5 weeks. Interestingly, a preparation consisting of 
900 kDa hyaluronate reduced the histopathologically recognizable degen- 
eration of articular cartilage, the rebuilding of the subchondral bone, and 
the loss of proteoglycans into the synovial fluid. Conversely, an increased 
formation of both osteophytes and cartilage lesions was seen after intra- 
articular application of a higher molecular weight hyaluronic acid prepa- 
ration. The investigators presumed that the higher molecular weight hyal- 
uronate preparation improved joint lubrication in such way that joint 
usage by the animals was intensified so that the osteoarthritic disease 
process was in fact accelerated. 



Studies on Anti-inflammatory and Analgesic Effects 

In a series of animal studies, ademethionine, D-glucosamine sulfate, hy- 
aluronic acid and oxaceprole were all shown to have an anti-inflamma- 
tory effect while only ademethionine, hyaluronic acid and oxaceprole had 
also an analgesic effect (Gotoh et al. 1988; Gualano et al. 1985; lalante 
and Di Rosa 1994; lonac et al. 1996; Miyazaki et al. 1984; Setnikar et al. 
1991a; Setnikar et al. 1991b; Weischer 1987). On the basis of these re- 
sults, one of the indications for these drugs is activated osteoarthritis. 
The analgesic and anti-inflammatory effects do not result from an inhibi- 
tion of prostaglandin synthesis, since no inhibitory effect on cyclooxy- 
genases could be found. Hence, these drugs do not number among the 
classic nonsteroidal antiinflammatory drugs that are known to inhibit 
prostaglandin synthesis by inhibiting cyclooxygenases. 

Clinical studies serving as evidence for the effectiveness of these drugs 
have usually quoted subjective observations such as freedom from pain 
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or return of normal mobility as criteria for evaluating their effectiveness. 
These parameters, however, provide no information as to whether a pro- 
gressive cartilage disruption in osteoarthritis is decelerated, stopped, 
and/or reversed. A series of clinical studies also exists in which the ef- 
fects of SYSADOAs have been examined using the Lequesne Index (Le- 
quesne et al. 1987). This Lequesne Index evaluates the symptoms of os- 
teoarthritis concerning: (1) pain, such as nocturnal pain, or morning 
start pain etc., and (2) the mobility of the joints, such as the maximal 
walking distance after dosing of the pharmaceutical (Lequesne et al. 
1987). With the help of the Lequesne Index, analgesic and/or anti-inflam- 
matory effects of drugs can be recorded which are expressed as a relief 
from pain and an improvement in joint mobility. Nonsteroidal antiinflam- 
matory drugs also improve these symptoms and perform well in such 
studies. Theoretically, morphine would also reduce the Lequesne Index 
because of its strong analgesic activity. Currently, a number of random- 
ized, double-blind and placebo or nonsteroidal antiinflammatory drug 
controlled studies exist in which a reduction of the Lequesne Index or a 
similar complaint index was shown for all of the four medications dis- 
cussed here; hence, improvements in mobility and relief of pain were 
shown by all these medications. All these clinical studies showed that 
these medications were well tolerated; amongst the reasons for this was 
the fact that the SYSADOAs do not inhibit cyclooxygenase. However, a 
certain risk arises from the use of hyaluronic acid since this agent has to 
be injected intra-articularly. As such, the risk for a joint infection has 
been estimated to be at between 1:10000 and 1:30000. 

Finally, an analysis of pharmacological results from in vitro and ani- 
mal experiments available until now has revealed that there is still a sig- 
nificant need for more preclinical investigations designed to show 
whether, and to what extent, these pharmaceuticals at clinically relevant 
concentrations act against the pathogenetically important processes oc- 
curring in osteoarthritic articular cartilage. They do, however, justify the 
statement that these agents are clinically effective concerning their abil- 
ities as “symptomatic slow acting drugs in osteoarthritis”. 
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Osteoarthritis (OA), degenerative joint disease, is a degenerative disease 
of the cartilage of the joints. The etiology is diverse and the pathogenesis 
unknown. The disease is clinically characterized by joint pain, tender- 
ness, limitation of movement, occasional effusions, variable degrees of lo- 
cal inflammation, but without systemic manifestations, and therapeuti- 
cally characterized by a lack of specific healing of articular cartilage dam- 
age (Mankin et al. 1986). 

Taking this above cited definition of OA into account, it is understand- 
able that patients with degenerative joint disease receive - for the most 
part - a variety of symptomatic treatments, including physiotherapy as 
well as medical and surgical measures. Therapy includes providing infor- 
mation to patients about their disease, and explanation of the available 
therapeutic alternatives. Concerning pharmacotherapy, today there are 
many drugs that are able to alleviate the symptoms of patients with OA, 
particularly in the knee or hip and in the initial stages, and thus provide 
the possibility to perform additional motion exercises and other phys- 
iotherapeutic measures. This will optimize joint function, and improve 
the patient’s quality of life (Forster et al. 1997). 

Historically, OA has been viewed as a natural sequel to aging or injury 
and as a disease for which little can be done to block its progression. 
Over the last two decades, however, the concept that pharmacological 
agents can be developed that at least conserve or even stimulate normal 
cartilage repair within the osteoarthritic joint has evolved (Howell et al. 
1995). Up to now the significant increase in understanding of how 
growth factors and cytokines affect chondrocyte metabolism has substan- 
tially increased the number of potential targets for drug intervention in 
OA (Howell et al. 1995). However, specific therapy of osteoarthritis still 
lacks proof. Treatment with a demonstrable cause and effect relationship 
on the pathological process has still not been shown conclusively in the 
clinical arena. 

The use of symptom relieving medicinal agents in the treatment of OA 
changed during the last decade, from completely empirical compounds 
such as cartilage extracts (e.g., Burkhardt and Ghosh 1987) to chemically 
defined substances. It has progressed from therapies with proof of effects 
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primarily on the basis of preclinical tests and examinations to drugs with 
a thorough scientific background, based on confirmatory clinical studies. 

In order to clearly define the objectives and to study the different 
claims for drugs used in osteoarthritis therapy, groups from different in- 
ternational scientific societies recently met. It was proposed that osteoar- 
thritis drugs should be divided into two classes (Dougados et al. 1996): 1. 
Symptom modifying drugs; these act on symptoms with no detectable ef- 
fect on the structural changes of the disease. 2. Structure modifying 
drugs; these interfere with the progression of the pathological changes 
observed in osteoarthritis. They can be further subclassified with respect 
to symptoms: (a) Structure modifying, symptom relieving drugs; (b) 
Structure modifying drugs with no independent effects on symptoms. 

According to this classification, one would, for instance, assume that 
steroidal (corticosteroids) and nonsteroidal anti-inflammatory drugs 
(NSAIDs) primarily are symptom modifying drugs (class 1). On the 
other hand, it is under discussion that at least some of them may have an 
effect on hyaline cartilage - apart from the fact that this may be a nega- 
tive effect (e.g. Rashad et al. 1989). These drugs should therefore belong 
to class 2a. To avoid such considerations and conflicts of classification re- 
spectively, it seems more appropriate to distinguish between symptom 
modifying and structure modifying effectiveness (activity) of a drug. 
This would at last mean that a substance or drug may show either symp- 
tom modifying or structure modifying activity, or even both activities 
(Forster et al. 1997) - as is the understanding also during the following 
expositions. 



Symptom Modifying OA Drugs 

Corticosteroids 

Corticosteroids inhibit the activity of phospholipase A 2 , which reduces 
the release of arachidonic acid. Thus, corticosteroids ultimately inhibit 
the formation of prostaglandins, thromboxane and the leukotrienes. Cor- 
ticosteroids thus possess anti-inflammatory, anti-allergic and membrane- 
stabilizing properties. 

Evidence exists to suggest that pro-inflammatory mediators are in- 
volved in cytokine-mediated cartilage resorption, implying that suppres- 
sion by corticosteroids should be regarded as desirable (Morand 1997). 

Corticosteroid therapy of osteoarthritis - by means of intra-articular 
injection of steroids - certainly provides temporary symptomatic relief. 
Trials have shown that the effect in the knee joint is only modest and 
very short-lived; the thumb base OA appears to respond better. All in all, 
it should be stressed that intra-articular steroids are of much less value 
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in osteoarthritis than, for example, in rheumatoid arthritis (Bird 1991). 
The usual adverse systemic effects of corticosteroids during long-term 
use are not important after local therapy of OA. The risk of cartilage 
damage has been reviewed elsewhere (Wright 1978). 

In common practice, intra-articular corticosteroids are probably justi- 
fied in the following three situations in the management of OA, and the 
last indication is considered to be the most important (Dieppe 1994): 

- Severe symptoms arising from the carpometacarpal joint of the thumb 

- Flare-up of OA associated with a joint effusion 

- As an adjunct to physical therapy. 



Classical Nonsteroidal Anti-inflammatory Drugs 

The use of classical nonsteroidal anti-inflammatory drugs (NSAIDs), de- 
pends on their analgesic (anti-nociceptive) and anti-inflammatory ac- 
tions. They reduce pain, decrease gelling phenomenon, reduce occasional 
inflammation, and improve function in patients with osteoarthritis. The 
history of their therapeutic use spans more than 100 years. It was pro- 
posed that the mechanism of action is by inhibition of prostaglandin pro- 
duction through cyclooxygenase inhibition (Vane 1971). 

The wide choice of classical NSAIDs requires classification. A common 
method is based upon the chemical structure. The therapeutic response 
is not closely linked to this but the adverse effects of the drug are rather 
more closely related to the chemical structure (Table 1). 



Table 1. Classification of classical nonsteroidal anti-inflammatory drugs (NSAIDs) by structure (modi- 
fied from Bird 1991) 



Arylcarboxylic acids 

Salicylic acids (acetylsalicylic acid, salsalate) 

Anthranilic acid (mefenamic acid) 

Arylalkanoic acids 

Aryl propionic acids (ibuprofen, flurbiprofen, ketoprofen, naproxen, fenbufen, tiaprofenic acid) 
Indole/indene acetic acids (indomethacin, proglumetacin, acemetacin, sulindac) 

Heteroaryl acetic acid (tolmetin) 

Phenyl acetic acid (diclofenac, aceclofenac) 

Pyrano-carboxylic acid (etodolac) 

Enolic acids 

Pyrazolidinediones (phenylbutazone, oxyphenbutazone) 

Benzotriazine (azapropazone) 

Oxicame (piroxicam, tenoxicam, meloxicam) 

Non-acidic agents 

Naphthylalkanone (nabumetone) 
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Table 2. Classification of classical NSAIDs by half-life [modified from Mathies (1984)] 

Short half-life (3-5 h) 

Acetylsalicylic acid 
Tiaprofenic acid 
I bu profen 
Indomethacin 
Flufenamic acid 
Aceclofenac 
Diclofenac 
Flurbiprofen 
Acemetacin 
Keto profen 

Medium half-life group (5 to approximately 9 h) 

Sulindac 

Lonazolac 

Pirprofen 

Proglumetacin 

Intermediate half-life (approximately 12 h) 

Carprofen 

Diflunisal 

Azapropazone 

Proquazone 

Naproxen 

Long half-life (20-45 h) 

Kebuzon 

Piroxicam 

Meloxicam 

Isoxicam 

Very long half-life (60 h and more) 

Oxyphenbutazone 

Phenylbutazone 

Oxaprozin 

Tenoxicam 



An alternative classification of NSAIDs is based on their half-life (Ta- 
ble 2) and may be of more practical value (Bird 1991). 

In view of the discovery that there are at least two cyclooxygenase iso- 
enzymes (COX-1, COX-2) and that preferential, and even selective, COX- 
2-inhibitors have been developed, the classification of NSAIDs according 
to their relative inhibition of cyclooxygenase isoenzymes (Frolich 1997) 
may provide an appropriate classification in the near future. 

All classical NSAIDs have a common mechanism of action - inhibition of 
prostaglandin synthetase - though other mechanisms such as the inhibition 
of free oxygen radicals may also play a part. Some NSAIDs have been im- 
plicated in the possible inhibition of cytokine release though this would 
seem to be of greater benefit in purely inflammatory conditions such as 
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rheumatoid arthritis rather than in osteoarthritis (Bird 1991). On the other 
hand, and based on preclinical investigations, other NSAIDs have been ac- 
cused of causing deterioration in hyaline cartilage turnover. This is at least 
a cause for concern among strong inhibitors of prostaglandin synthetase - 
and may be of clinical importance (Rashad et al. 1989). 

Balanced against the indisputable therapeutic value of NSAIDs - at 
least during short-term application - there is concern about adverse ef- 
fects following the use of these drugs, especially in the elderly, in patients 
with known gastrointestinal problems, and in patients with impaired he- 
patic and renal function. 



Simple Analgesics 

Attempts to reduce these potential safety problems have led, among other 
considerations, to the question as to whether the anti-inflammatory effect 
of NSAIDs is necessary in every case of therapy. Painful OA, without a 
noticeable inflammatory component, could alternatively be treated with 
simple analgesics - such as paracetamol (acetaminophen), low dose sali- 
cylates or ibuprofen - without substantially inhibiting endogenous pros- 
taglandin synthesis (Brune and Schmidt 1994). Recommendations to use 
analgesics as first choice in the treatment of OA is supported by tradi- 
tional experience. In addition, the results of a clinical study of 4 weeks’ 
duration confirm the clinical impression. Acetaminophen (4000 mg/day), 
a low (i.e. essentially analgesic) dose and a higher (i.e. anti-inflamma- 
tory) dose of ibuprofen induced equivalent changes of several OA indica- 
tors, including pain relief, in patients with OA of the knee (Bradley et al. 
1991). On the other hand paracetamol often proves ineffective unless the 
OA is early and mild, and does have potential side effects (Bird 1991). So, 
this alternative way of drug treatment of OA patients remains controver- 
sial. 



Nonclasskal Nonsteroidal Anti-inflammatory Drugs 

Besides corticosteroids, classical NSAIDs, and simple analgesics, current 
symptomatic pharmacotherapy of OA includes further substances and 
drugs with symptom relieving efficacy (Table 3). 

Some of these drugs are examined in more detail below. They show - 
without exception - an anti-inflammatory effect that was shown in sev- 
eral models of inflammation, but unlike classical NSAIDs most of them 
do not inhibit cyclooxygenase or lipoxygenase. Therefore, they have been 
described as nonclassic NSAIDs (Di Pasquale 1993). 
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Table 3. Drugs used in the management of osteoarthritis (modified from Dieppe 1994) 
Drug Rationale/purpose 



Simple analgesics 
NSAIDs 

Intra-articular corticosteroids and other local 
applications 

Intra-articular radiocolloids and sclerosing 
agents 

Ngnclassical NSAIDs 
Antidepressants and other agents 



Pain relief 

Pain relief, red union of other symptoms via anti- 
inflammatory effect 
Local relief of symptoms 

Symptomatic relief via obliteration of the synovium 
and synovitis 

Symptom relief (and reduction in the progression 
of cartilage damage) 

Relief of pain 



Ademetionin 

Ademetionin (CAS-N®: 29908-03-0; MW 398.4) has the structural formu- 
la shown in Fig. 1. Ademetionin (S-Adenosyl-L-methionin; SAMe), a nor- 
mal constituent of cells, is synthesized enzymatically from methionine 
and adenosine triphosphate (ATP) and is involved in various metabolic 
processes, probably including the sulfation of proteoglycans (Fife and 
Brandt 1992). As the tosilate-bis(sulphate)-salt (MW 766.9), the drug is 
available in Germany (Gumbaral) and Italy (Samyr) and is used in the 
therapy of depression, metabolic disorders, and musculoskeletal and joint 
disorders (Martindale 1993). 

The pharmacologic characteristics seem to be relevant to its use in the 
treatment of osteoarthritis (Di Padova 1987). The results of animal ex- 
periments have shown that SAMe exerts anti-inflammatory and analgesic 
effects, but it does not seem to share with classical NSAIDs a common ef- 
fect on the eicosanoid system, so that the mechanism of its pharmacolo- 
gic action remains unclear. In addition, SAMe appears to enhance native 
proteoglycan synthesis and secretion in human chondrocyte cultures aris- 
ing from the cartilage of patients with OA. 
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Fig.l. Ademetionin 
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A number of clinical studies have been performed and more than 21 500 
involved patients have been treated with SAMe, according to a review (Di 
Padova 1987). However, there is only one 3-week placebo controlled study 
in 76 patients concerning ademetionin’s proof of efficacy in rheumatic dis- 
orders, especially in OA (Montrone et al. 1985). The authors themselves 
state that the results are only preliminary and that no definitive conclu- 
sions can be drawn. A further 4-week placebo and naproxen controlled 
study in 734 patients (Caruso and Pietrogrande 1987) also produced - 
from a statistical point of view - a result only of exploratory value. To- 
day, more than 10 years later, there is still no clinical study that definitely 
confirms the symptom modifying activity of SAMe in patients with OA. 



Chondroitin Sulfate 

Chondroitin sulfate (ChS), is the sodium salt (CAS-N®: 9007-28-7; MW 
50000; sodium chondroitin sulfate) of a mixture of chondroitin-4-sulfate 
and chondroitin-6-sulfate. The latter has the structural formula shown in 
Fig. 2. ChS, a constituent of the cartilaginous matrix, is available in many 
parts of the world, for instance in Austria (Condrosulf), France (e.g. 
Chondrosulf), Italy, Spain, and Switzerland (Condrosulf, Structum), USA 
and Canada. It is used in the therapy of degenerative joint disorders. 

Its structural and pharmacokinetic characterization has been reported 
(Conte et al. 1995). ChS was said to cause an increase in RNA synthesis 
by the chondrocytes, which appears to correlate with an increase in the 
synthesis of proteoglycans and collagens (Morreale et al. 1996). In addi- 
tion, there is evidence to indicate that ChS partially inhibits leukocyte 
elastase activity (Baici and Bradamante 1984) and that it possesses anti- 
inflammatory activity (Ronca et al. 1998). 

Concerning the proof of the clinical efficacy of ChS there are results of 
placebo-controlled studies (e.g. UHirondel 1992; Mazieres et al. 1992), 
but German health authorities, for instance, did not accept them as de- 
finitive. Registration in Germany has been refused (BfArM 1994). 




n 



Fig. 2. Chondroitin sulfate 
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Since then several other clinical studies have been performed. The first 
study with a duration of 6 months compared the clinical efficacy of ChS 
(3 months treatment) to diclofenac sodium and placebo in 146 patients 
with knee OA. It showed an interesting, continuous therapeutic effect of 
ChS over 3 months after discontinuation of treatment (Morreale et al. 1996). 

There are a further four recently published placebo-controlled studies. 
Two of these studies, with a duration of 3 months (Bourgeois et al. 1998) 
and 6 months (Bucsi and Poor 1998), respectively, showed a symptomatic 
efficacy of ChS in 207 (completed) patients with OA of the knee. How- 
ever, statistically they are only of exploratory value. The other two stud- 
ies - one study in 119 patients with finger joint OA, who were followed 
for 3 years (Verbruggen et al. 1998), and the other in 42 patients with 
knee OA, who were treated and followed for 1 year (Uebelhart et al. 
1998) - were described as pilot studies (i.e. they also are only of prelim- 
inary character). Nevertheless, it was discussed that ChS might be cap- 
able of influencing the natural course of the degenerative disease (Uebel- 
hart et al. 1998). 



Diacerein 

Diacerein (CAS-N®: 13739-02-1; MW 368.3) is a low molecular weight 
heterocyclic compound (anthroic acid derivative) with the structural for- 
mula shown in Fig. 3. Diacerein (Diacerhein, Diacetylrhein) is used as 
diacetate salt in the management of OA and is available in France (ART 
50) and Switzerland (e.g. Artrodar), for example. 

Following absorption diacerein is rapidly broken down into its active 
metabolite, rhein. Pharmacodynamically, diacerein shows anti-inflamma- 
tory and analgesic properties, stimulates collagen and glycosaminoglycan 
synthesis by chondrocytes, inhibits interleukin- 1 induced collagenolysis, 
superoxide production, and lipid peroxidation, without affecting endoge- 
nous prostaglandin or leukotriene synthesis (Trans Bussan 1996). 

There are three placebo controlled clinical studies (according to Trans 
Bussan 1996), but only one of them has been published recently (Nguyen 
et al. 1994). A total of 288 patients with OA of the hip were treated for 




Fig. 3. Diacerein 
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2 months either with diacerein, tenoxicam, a combination of both, or 
with placebo. Even though the active treatments appeared to be superior 
to placebo in the improvement of symptoms (pain score, joint function), 
the study is - from a statistical point of view - a pilot study and the re- 
sults are therefore only preliminary. 



Glucosamine Sulfate 

Glucosamine sulfate (CAS-N*^: 14999-43-0; MW 456.4), the sulphuric acid 
salt of the amino-monosaccharide glucosamine (CAS-N^: 3416-24-8; MW 
179.2), is a chemically small and well- characterized molecule, which has 
the structural formula shown in Fig. 4. 

Glucosamine, which is found physiologically in the connective tissues 
of the human body, represents the preferred substrate in the biosynthesis 
of glycosaminoglycans (hyaluronic acid, chondroitin sulfate, keratane sul- 
fate) of the hyaline cartilage and the synovia. The sulfate (GS) is available 
as drug in Germany (Dona 200-S), Italy (Dona), Spain (Xicil), Portugal 
(Viartril) as well as in other countries (in USA, Canada, Asia, Eastern Eu- 
rope and South America) and is used in the treatment of OA. 

Based on its pharmacokinetic pattern, pharmacodynamically GS in- 
creases anabolic mechanisms, as shown, for instance, in vitro by proteogly- 
can synthesis stimulation in chondrocytes isolated from human OA articu- 
lar cartilage (Bassleer et al. 1998), increases chondrocyte adhesion to fibro- 
nectin (Piperno et al. 1998), reduces catabolic mechanisms and exerts cy- 
clooxygenase independent anti-inflammatory actions in different experi- 
mental inflammatory models (Setnikar et al. 1991a; Setnikar et al. 1991b). 

Approximately 30 clinical trials involving about 8000 OA patients docu- 
ment the ability of GS to diminish the symptoms of the disease (pain and 
movement limitation). Symptom modifying activity was definitely proven 
in short-term, placebo-controlled randomized, double-blind clinical stud- 
ies involving 407 patients with osteoarthritis of the knee (Noack et al. 
1994; Reichelt et al. 1994). A further well-designed and performed study 
of 5 months duration in 329 patients with OA of the knee (Bourgeois et 
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Fig. 4. Glucosamine sulfate 
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al. 1999) confirmed the results that GS is significantly more effective than 
placebo in the control of OA symptoms and as safe as placebo. Compared 
to NSAlDs, GS is equally effective and significantly safer (Bourgeois et al. 
1999). Studies in OA of other joints have already been published (Giacov- 
elli and Rovati 1993) or are still in progress. Because of its long-lasting 
symptom relieving efficacy after discontinuation of therapy, GS has been 
or is currently being studied in trials of long-term duration (1-3 years) 
to confirm its clinical activity over this time and to test its potential as a 
symptom modifying OA drug with additional structure modifying activity. 



Hyaluronic Acid 

Hyaluronic acid (CAS-N®: 9004-61-9; molecular weight 50000-8000000), 
applied as sodium salt (CAS-N'': 9067-32-7; hyaluronate sodium), has the 
structural formula shown in Fig. 5. 

The macromolecule hyaluronic acid (HA) is present in the hyaline car- 
tilage linked to proteoglycans. It is the viscosity determining factor in the 
joint fluid. HA has always been assumed to function as a lubricant. The 
idea of “viscosupplementation” (Balazs and Denlinger 1993) has success- 
fully led to the introduction of HA as a drug (Hyalart, Hyalgan) and as a 
medical device (Synvisc) for intra-articular application. HA is on the 
market, for example, in North America, Austria, Germany, Switzerland 
and other countries. 

Concerning pharmacology, in vitro studies have shown that HA pos- 
sesses an anti-inflammatory effect including inhibition of chemotaxis of 
inflammatory cells, removal of free oxygen radicals and inhibition of 
prostaglandin synthesis. The pharmacologic and visco-rheologic basis 
(Balazs and Denlinger 1993) as well as the wealth of therapeutic experi- 
ence have been extensively reviewed (Peyron 1993; Maheu 1995). 

Symptom modifying activity was confirmed, for example, in one pro- 
spective multicenter, double-blind study (Puhl et al. 1993) in 209 patients 
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with OA of the knee, who were treated for 5 weeks (one injection per 
week) with either 25 mg or HA placebo (0.25 mg HA). The algofunctional 
Lequesne Index (Lequesne et al. 1987), the main evaluation parameter, 
showed a statistically significant superiority of the treated patients after 
the third injection up to the final examination, 9 weeks after the last in- 
jection (Puhl et al. 1993). On the other hand, another study of 20 weeks 
observation duration assessed the effect of HA on knee OA symptoms in 
240 patients and could not show a difference between unstratified groups 
treated with either placebo or HA. However, comparison of treatment 
groups stratified by age and baseline algofunctional index revealed a sig- 
nificant difference in favor of HA over placebo (pain, activity, algofunc- 
tional index, global evaluations by patient and investigator) for patients 
older than 60 years and a baseline index greater than 10 (Lohmander et 
al. 1996). 

There are a few pilot studies evaluating HAs potential structure modi- 
fying activity, e.g. a 1 -year arthroscopically controlled study in 39 pa- 
tients (Listrat et al. 1997) and an open microarthroscopic evaluation in 
40 patients, 6 months after a series of five injections of HA (Frizziero et 
al. 1998), but definite conclusions cannot yet be drawn. 



Oxaceprol 

Oxaceprol (CA5-N°: 33996-33-7; MW 173.2) is the acetylated form of hy- 
droxyproline, a non-essential amino acid, which is part of the collagen 
structures. Oxaceprol has the structural formula shown in Fig. 6 . Oxace- 
prol (acetyl-hydroxy-L -proline) is available in France (Jonctum) and Ger- 
many (AHP 200) and is used in the treatment of inflammatory and de- 
generative joint diseases. 

On the basis of preclinical examinations, Oxaceprol is said to stimulate 
the biosynthesis of collagen and glycosaminoglycans of hyaline cartilage 
and to possess an analgesic as well as a prostaglandin-independent anti- 
inflammatory effect (Menge 1995). In addition, oxaceprol is able to in- 
hibit leukocyte infiltration and late connective tissue changes in experi- 
mental models of inflammatory joint disease (lonac et al. 1996). 
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Fig. 6. Oxaceprol 
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Ten controlled clinical studies have been performed, seven studies (in- 
volving 685 patients) compared to the NSAIDs ibuprofen and diclofenac 
and three studies compared to placebo, respectively (Menge 1995). From 
the statistical point of view, all NSAlD-controlled studies are performed 
inadequately. Their corresponding results, no statistically significant dif- 
ference, therefore does not mean an equivalence between oxaceprol and 
ibuprofen or diclofenac. Concerning the placebo-controlled studies, two 
(involving 78 patients) show a superiority of oxaceprol, but design and 
implementation are not good enough for today’s requirements (Menge 
1995). A third study (6 months; prospective, randomized, double-blind), 
in 323 patients with OA of the knee or hip, could not show any difference 
between placebo, 600 mg/day oxaceprol, and 1200 mg/day oxaceprol in 
the main efficacy parameter (Dreiser et al. 1995). In conclusion, oxace- 
proFs symptom modifying activity has not yet been established in OA pa- 
tients. 



Structure (Disease) Modifying OA Drugs 

Experience based on in vitro studies and animal models shows that some 
drugs used in the treatment of OA, rather than having a beneficial symp- 
tomatic effect, may accelerate or exacerbate the pathological changes of 
osteoarthritis (Brandt et al. 1998). That this may be also of clinical im- 
portance has been mentioned above regarding corticosteroids (Wright 
1978) and NSAIDs (Rashad et al. 1989). 

This potential drug induced cartilage change for the worse has stimu- 
lated interest in pharmacologic agents that may be able to positively in- 
fluence the pathogenetic mechanisms in OA. If they reverse or at least re- 
tard the OA process, these agents would be disease modifying (Lequesne 
et al. 1994) or structure modifying drugs (Dougados et al. 1996). 

There are a wealth of substances that have already been tested preclini- 
cally for structure modifying activity in osteoarthritis models (Table 4), 
concerning clinical proof however, so far a specific treatment of OA has 
not been confirmed in hypothesis testing studies. 

But there are already a few published exploratory (pilot) clinical studies, 
testing drugs as to their structure modifying activity in OA. To date, chon- 
droitin sulfate (Uebelhart et al. 1998), glucosamine sulfate (Reginster et al. 
1999) and hyaluronic acid (Listrat et al. 1997) seem to be the most promis- 
ing ones. Therefore, a future challenge in the area of OA research will be the 
design and implementation of appropriate and confirmatory clinical trials 
(Dieppe 1994) to prove whether or not they have a demonstrable causal ef- 
fect on the pathological process judged by existing guidelines (Lequesne et 
al. 1994) and recommendations, respectively (Altman et al. 1996). 
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Table 4. Substances tested preclinically for disease-modifying activity in osteoarthritis models (mod- 
ified from Altman and Howell 1998) 

Sulfated glycosaminoglycans 
Glycosaminoglycan peptide (GAG peptide) 

Glycosaminoglycan polysulfuric acid (GAGPS) 

Chondroitin sulfate (ChS) 

Glucosamine sulfate (GS) 

Non-sulfated glycosaminoglycans 
Hyaluronic acid (HA) 

Agents acting on bone 
Bisphosphonates (Etidronate) 

Calcitonin 

Anti-inflammatory agents 
NSAIDs 

Glucocorticoids 

Lipids 

Enzyme inhibitors 
Tetracyclines (Doxycycline) 

Specific stromelysin inhibitors 
Specific collagenase inhibitors 

Cytokines, antagonists, growth factors 
Growth hormone 

Insulin-like growth factor-1 (IGF-1) 

Transforming growth factor-beta (TGF-P) 

Interleukin-1 receptor antagonist (IL-lra) 

Others 

Diacerein (Diacerhein, Diacetyirhein) 

Estrogens, Tamoxifen 
Oxaceprol 

S-adenosyl-L-methionine (SAMe) 

Phytotherapeutics 

Homeotherapy 
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Histological Changes of Cartilage and Subchondral Bone 
in Varus Gonarthrosis: Comparison with Radiographic 
and Macroscopic Findings 

H. Reichel and M. Hein 



Introduction 

The initial pathomorphological changes in osteoarthrosis can be located in 
the joint cartilage (calcified and noncalcified hyaline cartilage), in the sub- 
chondral bone, or in the synovial membrane (Fig. 1). Depending on the 
particular reason, primarily mechanical-induced or an enzyme-induced 
cartilage damage is produced (Hackenbroch 1992). The reason for the me- 
chanically induced cartilage damage is a pathological load distribution in 
the knee joint, which leads to local cartilage overload and exceeds the tol- 
erance threshold of the joint cartilage. A varus deviation of the mechanical 
axis results in a greater overload in the medial compartment of the knee 
joint, followed by a varus gonarthrosis. It is presumed that the enzyme-in- 
duced cartilage destruction, produces an intraarticular release of enzymes 
and inflammation mediators, which in turn decrease the cartilage resistance 
below the level necessary for everyday joint loading. 

Both the mechanical and the enzyme-induced cartilage damage disturb 
the balance between loading and loading capacity. For the ensuing patho- 
genetic process of osteoarthrosis, the strain put on the already damaged 
joint at a particular time is important. Beside the joint loading, other mod- 




Flg.l. Initial localizations of knee osteoarthro- 
sis. Noncalcified hyaline cartilage (a), calcified 
hyaline cartilage (b), subchondral bone (c), or 
synovial membrane (d) 
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ifying factors of osteoarthrosis are: immobility, individual stress intoler- 
ance, pregnancy, environmental and climate factors (Hackenbroch 1992). 



Early Stages of Knee Osteoarthrosis 

Early signs can be seen in the superficial layers of the hyaline cartilage. 
Because of the disturbance of chondrocyte synthesis or degradative en- 
zymes of the synovial fluid, a superficial loss of proteoglycans can be ob- 
served (Fig. 2). At the same time, breakage and loosening of the collagen 




Fig. 2 a, b. Lateral tibial base plate in moderate varus gonarthrosis. Safranin-0 staining, xIOO. Dis- 
tinct loss of proteoglycans, in light microscopy, a No structures in superficial layers, b The polarization 
microscopy shows the superficial layers poor in proteoglycans 
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fibers starts to appear in the tangential cartilage layers (Sokoloff 1980). 
These fibrillations are the macroscopic correlation of errors and changes 
in the fibrous network, caused either mechanically or by incorrect pro- 
duction of collagen types I and III (von der Mark 1986). The breakage of 
the collagen network leads to larger pores and allows an increased inflow 
of water and other molecules into the cartilage. After the fibrillation of 
the cartilage surface, fissures and cracks occur vertically and obliquely 
on the surface, some of them even reaching the tidemark. The conse- 
quence is a significant change in the biomechanical properties of the car- 
tilage. The response to the changed loading conditions is a distinct 
widening of the ossified cartilage layer. The tidemark, the border line be- 
tween calcified and noncalcified cartilage, can show duplication (Fig. 3). 

In principle, the hyaline cartilage is unable to regenerate; healing of 
defects is impossible (Stiller 1982). However, reparative processes can be 
observed parallel to the loss of chondrocytes. By division of chondro- 
cytes and by cell cluster formation (Fig. 4), the cartilage tissue starts to 
compensate the loss of proteoglycans and the degeneration of the col- 
lagen network (Dustmann and Puhl 1978). But the change-over from the 
reversible postmitotic state to the synthesis phase is too slow; therefore, 
it is a quantitatively inadequate substitution. 

To increase formation of cartilage, an opening of the subchondral bone 
marrow is necessary. The cartilage defect region can then be replaced by 
fibrous tissue, which is subsequently transformed into fibrous cartilage 
(Fig. 5). However, the mechanical properties of this cartilage replacement 
are inadequate for longer survival; the fibrous cartilage becomes a victim 




Fig. 3. Medial tibial base plate in moderate varus gonarthrosis. Azan staining, xIOO. The reduced en- 
ergy-absorptive capacity of the degenerated cartilage leads to widening of the calcified cartilage zone 
with duplication of the tidemark (arrows) and hyperostosis of the subchondral bone 
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of abrasion and degeneration (Otte 1974). This substitution is qualita- 
tively inadequate. In cases of enzymatic cartilage degeneration, the re- 
duced reparative capacity of the tissue results in a rapid cartilage loss 
without morphological adaptations. 




Fig. 4. Medial femoral condyle in moderate varus gonarthrosis. Azan staining, xIOO. Cell clusters (B) 
of ten and more chondrocytes in unmasked hyaline cartilage, poor in stained base substance 




Fig. 5. Medial tibial base plate in moderate varus gonarthrosis. Azan staining, x75. Regenerates of 
fibrous cartilage (F) above the original calcified hyaline cartilage (0) 
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Late Stages of Knee Osteoarthrosis 

In later stages progressive cartilage abrasion leads to successive loss of 
noncalcified and calcified cartilage (Fig. 6). Caused by increased loading 
of subchondral bone, hyperostotic bone remodeling takes place. In conse- 
quence, the bone loses energy absorption capacity, because the pressure 
and shock absorptive chain is interrupted (Radin and Rose 1986). The 
distinctive feature of the knee joint is the development of eburnated bone 
(Fig. 7). 

The superficial bone layers then become necrotic, followed by breakage 
of the border line of bone and microfractures in the subchondral trabecu- 
lae (Meachim 1980). The necrotic subchondral bone is replaced by fi- 
brous tissue, developing cysts filled with necrotic bone and cell debris. 
These cysts are, or were, connected with the subchondral bone marrow 
(Fig. 8). 

On the other hand, cysts or so-called pseudocysts can originate by in- 
flow of synovial fluid into the subchondral bone marrow. The cysts are 
filled with fibrous or chondroid tissue. In most cases, the connection 
with the joint space is subsequently closed by callus (Sokoloff 1969), and 
later differentiation between both types of cysts is impossible. 

After the breakage of the subchondral bone, vascularization of the cal- 
cified cartilage occurs. Close to the vessels, fibrous or chondroid tissue 
originates that grows towards the cartilage surface. This vascularization 
of the cartilage is described as late stage of osteoarthrosis (Mohr 1984). 




Fig. 6. Lateral femoral condyle in severe varus gonarthrosis. Azan staining, xlOO. Hyperostotic sub- 
chondral bone, covered only by calcified hyaline cartilage (left) or by degenerated noncalcified hyaline 
cartilage (right) with cell cluster formation and cracks up to the tidemark 
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Fig. 7. Medial femoral condyle in severe varus 
gonarthrosis. Azan staining, x75. Uncovered 
hyperostotic subchondral bone, in the center 
fibrous reparative tissue, which is again a 
victim of abrasion 



T 




Fig. 8. Medial tiblal base plate in severe varus 
gonarthrosis. Haematoxylin and eosin staining, 
x400. Microfracture of subchondral trabecular 
bone (T) with parts of necrotic bone (K), below 
a subchondral cyst (Z) 
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Osteophytes occur at the margins of the joint surfaces, possibly origi- 
nating by enchondral osteogenesis. The osteophytes are covered by fi- 
brous cartilage, already showing fibrillation (Meachim 1980). Sokoloff 
(1980) suggested that these osteophytes decrease the pressure on the joint 
surface by increasing the surface area. In histological sections osteo- 
phytes show an osteoporotic bone structure with trabeculae vertical to 
the joint surface. 



Macroscopic, Radiographic, and Histological Findings 
in Varus Gonarthrosis 

In 20 total knee replacements due to varus gonarthrosis the resected os- 
teochondral joint surfaces (Fig. 9) were investigated histologically (Azan, 
hematoxylin and eosin and Safranin-0 staining) and compared with the 
preoperative radiographic and intraoperative macroscopic findings 
(Reichel et al. 1997). The radiographic classification (X-rays with ante- 
rior-posterior and lateral views) was done separately for the medial and 
the lateral femoro-tibial compartment (Table 1) according to Wirth 
(1992). For macroscopic grading, the classification of Brandt et al. (1991) 
was used (Table 2). Each medial and lateral compartment was graded his- 
tologically according to Otte (1969) (Table 3). Based upon the preopera- 
tive radiographic findings, the cases were divided into two groups: mod- 




Fig. 9. Tibial base plate (top), and medial and lat- 
eral distal femoral condyle (bottom), resected for 
total knee replacement due to varus gonarthrosis. 
Lines demonstrate histologically examined regions 
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Table 1. Radiographic grading of gonarthrosis (according to Wirth 1992) 


Grade 


Radiographic findings 


1 Initial gonarthrosis 


- Initial formation of osteophytes on tibia 1 base plate and femoral 
condyles 

^ Initial narrowing of joint space 


II Slight gonarthrosis 


- Distinct osteophytes on the tibiaJ base plate 

- Initial flattening of femoral condyles 

- Moderate subchondral sclerosis 

- Slight narrowing of joint space 


III Moderate gonarthrosis 


” Osteophytes up to 5 mm long 
“ Distinct flanentng of femoral condyles 

- Narrowing of joint space up to one half 

- Distinct subchondral sclerosis 


IV Severe gonarthrosis 


- Distinct narrowing up to total loss of joint space 

- Formation of cysts on femur and tibia up to bony destruction 

- Osteophytes of more than 5 mm long 


Table 2. Macroscopic grading of gonarthrosis (according to Brandt et al. 1991) 


Grade 


Macroscopic findings 


1 Initial gonarthrosis 


- Loss of cartilage brightness, normal thickness and configuration 
of cartilage 


II Slight gonarthrosis 


- Superficial roughness and abrasions of cartilage, but complete 
cartilage layer 


Hi Moderate gonarthrosis 


- Localized cartilage defeas with bone shimmering through 


iV Severe gonarthrosis 


- Visible bony base plate, localized or widespread regenerates 
of fibrous cartilage 



erate (group A) and severe (group B) varus gonarthrosis. The results are 
shown in Table 4 and Figs. 10 and 11. Even in cases with radiographic 
and macroscopic grades 1 and 2 lateral changes, the histological sections 
showed late stages of osteoarthrosis (grades 3 and 4). The lateral femoro- 
tibial compartment especially cannot be correctly graded by preoperative 
X-rays. 



Conclusions 

Osteoarthrosis of the knee joint leads to an irreversible degeneration of 
the medial and lateral compartments. In cases of varus gonarthrosis, the 
involvement of the medial part of the knee is more extensive than of the 
lateral part. The radiographic and macroscopic gradings show large dif- 
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Table 3. Histological grading of gonarthrosis (modified according to Otte 1969) 


Grade 


Histological findings 


1 Inital gonarthrosis 


- Loss of proteoglycans 

- Necroses of superficial chondrocytes 

- Reduction of superficial cell density 

- Superficial horizontal and vertical cracks 


II Slight gonarthrosis 


- Progressive fibrillations 

- Clusters of vital chondrocytes 

- Vertical cracks, exceeding the radius zone 

- Beginning of cartilage thickness decrease 


III Moderate gonarthrosis 


- Unmasked collagen fibres 

- Ingrowth of pannus in the hyaline cartilage (formation 
of lagoons 

and cartilage destruction) 

“ Widening of calcified cartilage zone 

- Duplication of tidemark 

- Cracks in the tidemark zone 

- Beginning of subchondral hyperostosis 


!V Severe gonarthrosis 


- Subchondral hyperostosis 

- Necroses of osteocytes 

- Thickness loss until the calcified cartilage 

- Vascularization of calcified and noncalcified cartilage 

- Fibrous or chondroid tissue from the subchondral marrow space 
within the hyaline cartilage 

- Opening of subchondral bone 

- Collapse of subchondral bone/formation of pseudocysts 



Table 4. Groups of varus gonarthrosis and results of radiographic, macroscopic, and histological grad- 
ing of medial and lateral compartment 





Group A 


Group B 


Number of cases 


10 


10 


Varus deviation (from normal femoro-tibial 


7.8 ±2.8 


14.1 ±4.3 


angle of 174 ) meantSD 
Radiographic grading (mean) 


Medial compartment 


2,9 


U 


Lateral compartment 


4.0 


2.7 


Macroscopic grading (mean) 


Medial compartment 


3.95 


2.65 


Lateral compartment 


4.0 


2.65 


Histological grading (mean) 


Medial compartment 


4.0 


3.95 


Lateral compartment 


4.0 


3.95 
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Fig. 10. Comparison of radiographic, macroscopic and histological findings in medial and lateral com- 
partment (group A; n = W). Filled circles, medial compartment; open circles, lateral compartment 
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Fig. 11. Comparison of radiographic, macroscopic and histological findings in medial and lateral com- 
partment (group B; n = ^0). Filled circles, medial compartment; open circles, lateral compartment 



ferences between the medial and the lateral femoro-tibial compartments. 
Based upon the better condition of the lateral cartilage, high tibial osteo- 
tomies in younger patients and unicompartmental knee replacements in 
older patients are still used in the surgical treatment of varus gonarthro- 
sis. However, histologically the cartilage degeneration of the lateral com- 
partment already shows an irreversible late stage of osteoarthrosis. In our 
opinion, these findings have to be taken into consideration, especially for 
patients with varus gonarthrosis younger than 50 years of age. If the 
varus gonarthrosis is too severe for a joint preserving procedure such as 
a high tibial osteotomy, in younger patients we prefer to do a total knee 
replacement rather than a unicompartmental knee replacement. 
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Introduction 

Nearly 70% of the population over 65 years of age demonstrate radio- 
graphic evidence of osteoarthritis. Since the introduction of arthroscopy, 
attempts have been made to treat the damaged articular cartilage or to 
achieve regeneration. Even though articular cartilage appears to have 
some regenerative capacity, restoration of articular surfaces is very diffi- 
cult. No technique has been completely successful in achieving normal 
hyaline cartilage. More recently, the biochemical and biomechanical un- 
derstanding of articular cartilage has facilitated cartilage cell transplanta- 
tion, but more studies are in progress for verification of effects and gen- 
eralized use. 

Arthroscopic lavage, arthroscopic abrasion and debridement have had 
a basic role in the treatment of knee osteoarthritis. Although these tech- 
niques provide temporary relief of symptoms and there are many contro- 
versies, arthroscopic surgeons should have knowledge of these tech- 
niques. These operations provide symptom relief primarily and may de- 
lay the secondary definite procedures. These techniques are simple, not 
time consuming and economic with low morbidity. 

The arthroscopic treatment for degenerative arthritis can be divided 
into simple lavage, debridement and abrasion arthroplasty. 



Arthroscopic Lavage 

Arthroscopic lavage of the osteoarthritic knee joint provides temporary 
and short-term relief of symptoms. Although several studies showed fa- 
vorable results with this technique, not all surgeons consider arthroscopic 
lavage to be an adequate or optimal surgery in osteoarthritis (Table 1). 

Jackson et al. (1986) compared lavage to debridement and reported 
68% of patients had permanent improvement with debridement com- 
pared with 45% permanent improvement with lavage alone. In a con- 
trolled study, Livesley et al. (1991) investigated the hypothesis that joint 
lavage often provides symptomatic relief for painful osteoarthritis of the 
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Author 


Vear 


Number 
of cases 


FoNow-up 

(months) 


Excellent/ 
good {%} 


Fair/poor 

(%) 


Jackson 


1986 




39 


45 


55 


Chang 


1993 


14 


12 


58 


42 


Edelson 


1995 


21 


24 


81 


19 


Hubbard 


1996 


26 


52 


ir 


89" 



^ Results evaluated with number of pain-free knees. 



knee. They found that there was better relief of pain in the lavage group 
compared to the physiotherapy group and the effect was present at 1 year. 
They concluded that joint lavage is effective in the management of pain- 
ful osteoarthritis of the knee. Gibson et al. (1992) measured the effect of 
arthroscopic lavage and debridement of the osteoarthritis knee by com- 
paring objective measurements of thigh muscle function before and after 
operation, and they found that there was some improvement in quadri- 
ceps isokinetic torque at 6 and 12 weeks after joint lavage but not after 
debridement. Chang et al. (1993) carried out a controlled study to com- 
pare arthroscopic surgery and closed needle joint lavage for patients with 
non-end-stage osteoarthritis of the knee. They found that after 1 year, 
44% of subjects who underwent arthroscopy reported improvement and 
58% of subjects who underwent joint lavage improved. They concluded 
that the search for and removal of soft tissue abnormalities via arthro- 
scopic surgery did not appear justified for all patients who failed to re- 
spond to conservative therapy. It may be beneficial for certain subgroups, 
such as those with clear-cut mechanical symptoms. Edelson et al. (1995) 
reported a good or excellent results in 17 (81%) of 21 knees with sympto- 
matic osteoarthritis, which underwent washout with lactated Ringer’s so- 
lution and they confirmed the value of a fluid washout in an arthritic 
knee for some patients. They used 3 1 of fluid running through the knee 
by using varying inflow and outflow. In a prospective randomized trial, 
Hubbard (1996) treated 76 knees with isolated degenerative changes in 
the medial femoral condyle (grades 3 or 4) by either arthroscopic de- 
bridement (40) or wash out (36). He found that 19 of a total of 32 survi- 
vors in the debridement group and three of the 26 in the washout group 
were still free from pain. He concluded that arthroscopic debridement ap- 
pears to be the better treatment, leaving over half the patients free from 
pain after 5 years. 
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Arthroscopic Debridement 

Arthroscopic debridement is a valuable procedure in the management of 
osteoarthritis of the knee joint (Table 2). Although palliative in nature, in 
many instances it yields long-term relief in the low demand knee. It is 
especially valuable in young individuals who have not yet reached the 
ideal age for reconstruction. The procedure is a demanding one, requir- 
ing considerable arthroscopic skills. Sclerotic lesions, synovitis, loose 
bodies, osteophytes, chondromalacia, and degenerative tears of meniscii 
are encountered often in various combinations and must be addressed ju- 
diciously and completely. The procedure simplifies rehabilitation, and the 
risk/benefit ration is very favorable compared to open procedures 
(Schonholtz et al. 1989). 

Sprague reported arthroscopic debridement as a treatment option for 
unicompartmental osteoarthritis in 1981. He reviewed 68 cases with de- 
generative arthritis treated with arthroscopic debridement and obtained 
74% good results (defined as one in which the patient reported the knee 
was improved and more functional than before surgery at 14 months of 
follow up). The extent of arthritis, however, was not correlated clinically 
or roentgenographically with success rates. Salisbury et al. (1985) re- 
viewed 52 patients with severe degenerative joint disease of the knees 
treated by arthroscopic debridement and suggested that the results of ar- 



Table 2. Results of arthroscopic debridement studies 



Auth{)r 


Year 


Number 
of cases 


Follow- up 
(months) 


Excellent/ 
good (%] 


Fair/poor 

(%) 


Sprague 


1981 


69 


14 


74 


26 


Shahriaree 


1982 


172 


84 


76 


24 


Richards 


1934 


21 


40 


81 


19 


Jackson 


1986 




39 


68 


32 


Bert 


1989 


67 


60 


66 


34 


Baumgaertner 


1990 


49 


33 


52 


48 


Ti money 


1990 


111 


51 


45 


55 


Aichroth 


1991 


254 


44 


75 


25 


Gross 


1991 


43 


24 


72 


38 


Ogilvie- Harris 


1991 


103" 


52 


66 


34 






135^ 


43 


41 


59 


Rand 


1991 


131 


60 


67 


33 


McLaren 


1991 


171 


25 


65 


35 


Su 


199S 


14 


30-132 


56 


44 


Hubbard 


19% 


32 


60 


59 


41 


Linschoten 


1997 


56 


49 


68 


32 



^ Debridement results for degenerative arthritis involving one compartment. 

^ Debridement results for degenerative arthritis involving two compartments. 
Percentage for pain free. 
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throscopic debridement on normally aligned degenerative knees are en- 
couraging. They also concluded that a combination of arthroscopic de- 
bridement and high tibial osteotomy could be an appealing alternative to 
total knee arthroplasty in the young patients. Patients with varus angular 
deformity in the degenerative knee had poor results and should be ex- 
cluded from consideration for arthroscopic debridement. Jackson et al. 
(1986) reported 68% improved with arthroscopic debridement at 
39 months follow up. Baumgaertner et al. (1990) reported good or excel- 
lent results in 49 osteoarthritic knees after arthroscopic debridement and 
postulated that age, weight, compartment location of arthritis, and pre- 
surgical range of motion did not affect surgical results. They also found 
symptoms of long duration, arthritic severity as evidenced by roentgen- 
ograms, and malalignment predicted poor results, and conversely, shorter 
duration of symptoms, mechanical symptoms, mild to moderate roent- 
genographic changes and crystal deposition correlated with improved re- 
sults. Timoney et al. (1990) found that the overall result was good in 45% 
in 111 knees at the follow up of 51 months after arthroscopic debride- 
ment. However, they reported that arthroscopic debridement offered mea- 
surable relief for 63% of patients for a significant period of time, and 
74% of the patients felt the procedure had been beneficial. In a retrospec- 
tive study undertaken for evaluation arthroscopic debridement. Gross et 
al. (1991) obtained 72 good results at follow up of 24 months in 43 knees 
and suggested that preoperative clinical status, severity of degenerative 
changes, and number of pathologic entities encountered at the time of 
surgery correlated with the results of treatment. Aichroth et al. (1991) re- 
ported that 75% had minimal discomfort and improved function and 
85% were satisfied with the treatment at follow-up of 44 months in 254 
patients. He obtained better results in the cases with less radiographic 
changes, less severe involvement of articular cartilage at operation and 
younger age. They also found that only 14% had a subsequent operation 
after an average period of 4 years. Rand (1991) reported 80% improve- 
ment at 1 year follow up and 67% improvement at 5 years in 131 patients 
and postulated that arthroscopic debridement has beneficial effects com- 
pared to abrasion arthroplasty. McLaren et al. (1991) reviewed 171 pa- 
tients with osteoarthrosis of the knee treated with arthroscopic debride- 
ment and found excellent control of pain in only 38%, improved function 
in 22% and subsequent surgical procedures in 12% at an average follow- 
up of 25 months. They did not identify factors that correlated with the 
outcome, including the extent of degenerative changes, of debridement 
and patient profiles. They postulated that arthroscopic debridement is a 
temporizing procedure with good patient satisfaction. Linschoten and 
Johnson (1997) analyzed 56 patients who had degenerative arthritis and 
were treated with arthroscopic debridement and obtained good results in 
38 (68%) at an average follow-up of 49 months. They suggested that the 
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presence of severe (grade IV) chondromalacia was associated with subse- 
quent surgery and when the medial compartment was involved, the likeli- 
hood of a poor outcome increased significantly. In prospective, random- 
ized and placebo-controlled trial, Moseley et al. (1996) evaluated the ef- 
fects of arthroscopic debridement and lavage in ten patients. Even though 
the number of patients was too small to be statistically significant, they 
suggested that there might be a significant placebo effect for arthroscopic 
treatment of osteoarthritis of the knee. 



Abrasion Arthroplasty 

Pridie originated the concept of abrasion arthroplasty through eburnated 
bone to stimulate reparative cartilage formation from drilling technique 
in 1959. He described fibrous-like reparative cartilage filling and covering 
one-quarter inch cortical drill holes through the femoral condyle and re- 
ported on 62 knees in 60 patients. Of 62 patients, 46 felt their operation 
was a success and stated that they would have the operation again under 
similar circumstances. Salter et al. (1980) provided the basic science 
showing that 2 mm holes drilled into cancellous bone led to fibrocarti- 
laginous repair in animals when continuous passive motion was em- 
ployed. 

Johnson (1986) advocated abrading only the areas of exposed bone 
that were already denuded of hyaline cartilage (Table 3). He postulated 
that the depth of debridement, felt to be critical, should be limited to 1- 
2 mm into the intracortical layer to expose vascularity providing a tissue 
bed for blood clot attachment. He felt that deeper abrasion into the sub- 



Table 3. Results of arthroscopic abrasion studies 



Author 


Year 


Number 
of cases 


Follow-up 

(montbs) 


Excellent/ 
good {%) 


Fair/poor 

(%l 


Richards 


1984 


22 


25 


SO 


20 


Friedman 


1984 


n 




60 


40 


Johnson 


1986 




24 


77 


23 


Bert 


1989 


59 


60 


51 


49 


Ogilvie-Harris 


1991 


32 


49 


53 


47 


Rand 


1991 


28 


45 


50 


50 


Singh 


1991 


52 


3-27 


51 


49 


HaspI 


1995 


21 


12-60 


90 


10 


Su 


1995 


18" 


30-132 


57 


43 


Steadman 


1998 


35*^ 


24-288 


75 


25 



^ Treated with arthroscopic drilling. 
^ Treated with microfracture. 
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chondral layer produced poor results. He also recommended this proce- 
dure primarily for patients with normal mechanical alignment, good 
range of motion and low activity demands. Contraindications included 
varus angulation of greater than 10° or valgus angulation greater than 
15° as well as evidence of inflammatory joint disease. Singh et al. (1991) 
reported that the 51% of patients with degenerative arthritis was im- 
proved with abrasion arthroplasty and the results were better in the older 
age group and in those without significant deformity. They found also 
that there was improvement in 74% of patients with normal alignment. 
Friedman et al. (1984) reported that 60% of patients who were treated 
with abrasion arthroplasty in degenerative arthritis and the results were 
best in patients younger than 40 years of age. Akizuki et al. (1997) inves- 
tigated whether or not abrasion arthroplasty promotes cartilage regenera- 
tion in osteoarthritis knee and found a significant high incidence of 
grade II healing in the osteotomy with abrasion group compared to os- 
teotomy group. However, they did not find difference in clinical outcome 
at 2-9 years postoperatively between two groups. Miller at al. (1986) re- 
ported that four of five patients who had idiopathic medial femoral con- 
dyle osteonecrosis, were rated good after arthroscopic debridement and 
abrasion arthroplasty. In a study comparing abrasion arthroplasty and 
subchondral drilling in the rabbit, Menche et al. (1996) found that sub- 
chondral drilling may result in a longer lived repair than abrasion arthro- 
plasty after histologic examination at 6 weeks. Goldman et al. (1997) pos- 
tulated that abrasion arthroplasty and the Pridie procedure do not appear 
to offer any additional benefit to arthroscopic debridement alone and ar- 
throscopic debridement is the preferred procedure to abrasion arthro- 
plasty. Rand and Ritts (1989) treated with abrasion arthroplasty in 8 pa- 
tients with persistent pain after upper tibial osteotomy and correction of 
malalignment and concluded that abrasion arthroplasty is not a satisfac- 
tory salvage for a failed upper tibial osteotomy. Rand (1991) compared 
arthroscopic partial meniscectomy with limited debridement compared to 
arthroscopic abrasion arthroplasty in patients with osteoarthritis. All pa- 
tients had grade III and IV chondromalacia change. Group I (131 pa- 
tients) was treated with arthroscopic meniscectomy and debridement and 
group II (28 patients) was treated with abrasion arthroplasty. He found 
that 50% of the abrasion group subsequently underwent a total knee ar- 
throplasty for salvage at a mean of 3 years following the abrasion proce- 
dure and, concluded that abrasion arthroplasty appears to offer little ben- 
efit over partial meniscectomy and debridement at 3.6 years follow up. In 
a comparative study abrasion arthroplasty with arthroscopic debride- 
ment, Bert and Maschka (1989) reported that 66% had good to excellent 
results in 67 patients of arthroscopic debridement, the other hand, 51% 
had good to excellent results in 59 patients of abrasion arthroplasty at a 
mean follow up time of 60 months. 
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One must conclude that the literature overall shows little benefit to the 
patient in abrasion arthroplasty compared with arthroscopic debridement 
alone. On an intellectual level, it would seem to be of benefit to knees in 
which there were localized full thickness defects of articular cartilage. 
This has been confirmed recently by Steadman. He reported his results 
using the microfracture technique incorporating abrasion arthroplasty 
and debridement at the 65th Annual Meeting of the American Academy 
of Orthopaedic Surgeons (1998). He followed 235 patients for 2-12 years. 
At 3 years 75% of patients had improved, 19% unchanged, and 6% were 
worse. 66% had improved ability to do strenuous work, 59% did strenu- 
ous sports and the activity of daily living improved in 68%. The rates of 
improvement remained steady without deterioration for up to 10 years. A 
total of 5% of patients had secondary procedures by 4 years, and 8% by 
7 years. 

Our Experience and Recommendations 

We initially published our results in 1991. Since then we have completed 
a 5-year review on the same group of patients. Our results demonstrate 
that good results can be obtained with reasonable long-term duration 
(Table 4). Out of a total 551 arthroscopic procedures for degenerative ar- 
thritis of the knee, 441 were studied at 2-10 years following their proce- 
dure. In total, 68% of patients had at least 2 years or more relief of pain 
and symptoms; 53% were still good at follow-up of 6 years. The best re- 
sults were obtained after resection of an unstable flap tear of a meniscus 
in association with mild degenerative arthritis. The worst results were ob- 
tained in patients with bicondylar disease and in the presence of chon- 
drocalcinosis. The results were much better in the normally aligned knee; 
the valgus knee did worst. Repeated arthroscopic procedures have a much 
lower success rate (Table 5). 

We recommend arthroscopic debridement as the primary surgical 
treatment for the following patients: 



Table 4. Results by procedure 





Number 


Good at 2 years 


Good at 5 years 


Debride 1 compartment 


103 


84 (82%) 


68 (66%) 


Deb ride 2 compartments 


135 


78 (58%) 


52 (39%) 


Abrasion 


32 


18 (56%) 


15 (46%) 


Meniscectomy 


18 


15 (83%) 


12 (66%) 


Meniscectomy and debridement 


149 


102 (68%) 


87 (58%) 
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Table 5. Results by previous operations 


Arthroscopy 


Number 


Good at 2 years 


Good at 5 years 


First 


334 


71% 


S7% 


Second 


107 


61% 


37% 


Third 


50 


56% 


32% 


Fourth or more 


S7 


37% 


27% 



1. Significant mechanical symptoms, such as locking, pain on walking, 
giving out 

2. Mild to moderate osteoarthritic changes on X-ray with some preserva- 
tion of the joint space on the tunnel views 

3. Failed conservative treatment, such as nonsteroid antiinflamatory 
drugs, cortisone or hyaluronic injections, physiotherapy with an exer- 
cise program (e.g “knee school”) 

4. Persistent pain limiting important aspects of the patient’s life 

5. Reasonable alignment of the knee 

6. Ligamentous stability. 

We feel it is contraindicated in the following patients: 

1. Inflammatory arthritis such as rheumatoid arthritis 

2. Significant varus or valgus, especially with ligament pseudolaxity 

3. Severe loss of joint space on X-ray with bone on bone contact 

4. Severe chondrocalcinosis 

5. Previous failed arthroscopic debridement - second and subsequent ar- 
throscopic debridements are much less successful. If the symptomatic 
relief has been less than 2 years, we regard that as failure (Table 6). 

We would offer arthroscopic abrasion by any of the accepted techniques 
to the following: 

1. Patients with failed arthroscopic debridement, where the pathology 
was clearly a localized full thickness defect of up to one half of one 
femoral condyle 

2. Minimal loss of joint space on X-ray 

3. No ligamentous laxity 

4. No significant malalignment (an abnormal alignment could be cor- 
rected concurrently with an osteotomy) 

5. Osteochondritis dissecans, when the lesion was not repairable. 

Further cartilage replacement procedures such as autologous transfers, or 
autologous chondrocyte transplantation would only be offered to patients 
when the above procedures were unsuccessful, providing they met the 
other criteria for the surgery. 
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Table 6. Predictors for success and failure after arthroscopic lavage, arthroscopic debridement and 
arthroscopic abrasion in the literature 


Good predictors 


Bad predictors 


Old age group 


Young age group 


Mechanical symptoms 


Inflammatory symptoms 


Short symptom duration 


Long symptom duration 


Minimal sign of degeneration 


Severe chondromalacia 


Normal limb alignment 


Malalignment 


Crystal deposition 


Medial compartment involvement 
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Arthroscopic and Open Techniques 
for Transplantation of Osteochondral 
Autografts and Allografts in Different Joints 

A.B. Imhoff, G.M. Oettl, P. Schottle, }. Agneskirchner, 
and A. Burkart 



Introduction 

A chondral/osteochondral defect involving the articular surface of a joint 
is still a therapeutic problem. The goal of articular cartilage repair is re- 
storation of cartilage congruity, accomplishing full pain-free range of mo- 
tion and elimination of cartilage deterioration (Bobic 1996; Imhoff and 
Ottl 1997; Ottl et al. 1997). There are a variety of methods of treatment. 
Current treatments are: debridement and drilling, picking or abrasion of 
the subchondral bone (Johnson 1991; Rodrigo et al. 1994; Tippet 1996), 
fresh osteochondral allografts (Garret 1997; Gross 1997), periosteal or 
perichondral grafting (Homminga et al. 1990; Lorentzon 1996), periosteal 
grafting with chondrocyte transplant (Brittberg et al. 1994; Peterson 
1997) and joint replacement. The use of autologous grafts was first re- 
ported by Wagner and Muller in 1964 (Muller 1978; Wagner 1964). The 
use of cylindrical autograft plugs was described by Bobic (1996) (osteo- 
chondral autograft transfer system, OATS) and Hangody et al. (1996) 
(mosaicplasty). Although originally developed for the treatment of focal 
chondral and osteochondral defects of the weight-bearing surfaces of the 
femur, it can also be used on the patella, tibia, elbow, talar dome, 
shoulder and hip. 



Indications and Patient Selection Criteria 

Osteochondral autograft transplantation is an option for patients with a 
symptomatic unipolar focal chondral or osteochondral defect (OCD) or 
focal osteonecrosis but no osteoarthrosis. Tibiofemoral or patellofemoral 
malalignment and/or functional instability (anterior or posterior cruciate 
ligament injuries) must be managed concurrently or prior to the chon- 
dral injury (Bobic 1996; Hangody et al. 1996). 
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Surgical Technique 

The aim is to harvest autogenous osteochondral cylindrical plugs with 
healthy cartilage from a non-weight-bearing zone of the knee joint and 
transfer it to the damaged area. The technique can be done arthroscopi- 
cally or as an open procedure depending on the location and the size of 
the osteochondral defect and also of the harvest site. The cylindrical 
grafts can range in size from 5 mm to 15 mm in diameter. Using special 
instruments one can harvest the graft at a uniform diameter and depth 
(Fig. 1). The chondral lesion is inspected arthroscopically, the extent of 
the defect is determined and the decision to transfer one or more cylin- 
ders must be made. One can use special sizers for this purpose. If mag- 
netic resonance imaging (MRI) is available, the size of the defect can be 
determined preoperatively. Then the decision of whether an arthroscopic 
or open procedure is needed follows. In an open procedure, our surgical 
approach is a mini-arthrotomy or direct mid-line allowing access for the 
harvesting and insertion of the osteochondral plugs. If necessary, an os- 
teotomy for the additional treatment of varus or valgus deformity is also 
carried out. The arthroscopic technique is adjusted by changing the por- 
tal and/or knee flexion angle in order to locate the defect and to ensure a 
precise angle of fit on the articular cartilage surface. We use special thin- 
walled cutting tubes in different diameters from 5 to 15 mm to harvest 
the cylindrical bone plugs. The recipient site is prepared by removing a 
bone core 1 mm less in diameter than the donor site. Then the donor 
autograft plug will press fit into the recipient tunnel with firm fixation 
(Fig. 2). 




Fig. 1. In an open procedure our surgical approach is a mini-arthrotomy or direct mid-line allowing 
access for the harvesting and insertion of the osteochondral plugs. We use special thin-walled cutting 
tubes in different diameters from 5 to 15 mm to harvest the cylindrical bone plugs 
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Fig. 2. After donor plug harvesting the overall length can be measured and matched with the tunnel 
length of the recipient site. After donor core insertion depth control and final core seating the donor 
plug is inserted, press fit, and finally seated flush with surrounding cartilage 



Usually the length of the removed recipient bone core is about 15 mm. 
After smoothly removing the core, the correct depth of the recipient tun- 
nel is measured. The preferred donor site is the non-weight bearing zone 
of the ipsilateral femoral condyle in the anterior proximal lateral area. 
The lateral intercondylar notch is an alternative donor zone. To reach the 
former, a standard lateral portal with the knee flexed about 30 ° is made. 
Sometimes donor and recipient sites can be reached through one portal. 
After donor plug harvesting the overall length can be measured and 
matched with the tunnel length of the recipient site. After donor core 
depth control and final core seating, the donor plug is inserted ‘press fif 
and finally seated flush with surrounding cartilage (Fig. 3). The graft 
should fit perfectly in terms of surface contour and height with firm fixa- 
tion. High and low spots are deleterious. In case of multiple osteochon- 
dral transfers each transfer should be finished completely, in order to 
place subsequent donor plugs directly adjacent to previously inserted 
bone plugs (Fig. 4). Donor tunnels are either grafted with cancellous 
bone from the defect or left open. Postoperative management includes 
pain control, antibiotics and deep vein thrombosis prophylaxis. We mobi- 
lized the knee with continuous passive motion to maximize cartilage nu- 
trition. Then, the patients were non-weight-bearing for 6-8 weeks, and 
protected weight-bearing for 12 weeks, with full range of motion and iso- 
metric exercises throughout. 
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Fig. 3. In multiple osteochondral transfers each transfer should be finished in order to place sub- 
sequent donor plugs directly adjacent to previously inserted bone plugs 




Fig. 4. The graft should be orthotop fitting perfectly in terms of surface contour and height with 
firm fixation. High and low spots are deleterious 



Additional Interventions 

The autologous graft should not be placed in a compartment that is bear- 
ing more than physiological load. In case of varus or valgus deformity, 
an osteotomy can be performed simultaneously. In the case of functional 
anterior instability an ACL-repair is indicated. 
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Technique of Two-Joint Procedure 

Two-joint procedure involves harvesting osteochondral bone plugs from 
the knee, to be implanted in the ankle or other joints. For treatment for 
OCD of the talar dome using an open technique, the focal lesions should 
be 10 mm or greater in diameter. The grafts are harvested either arthro- 
scopically or from an open incision from the medial or lateral anterior 
proximal femoral condyle. To expose the medial talar dome, often a me- 
dial malleolus osteotomy is necessary. Sometime a partial anterior resec- 
tion of the malleolus is sufficient. To access the lateral dome, division of 
the anterior talofibular ligament is necessary. For osteochondral transfer 
to the patella or the elbow an open procedure is necessary. 



Results 

Operative management and early results of osteochondral cylindrical 
autograft plugs in the femoral condyle, patella, elbow and talar dome 
have been reviewed. Since 1996, 80 patients (37 female, 43 male), mean 
age 31 years (17-59), with osteochondral defects of 1.5-7 cm^ at the fem- 
oral condyle (36 patients), 1-3 cm^ at the patella (12 patients), 1-3 cm^ at 
the talus (21 patients) and 2 cm^ at the elbow (three patients) and at the 
shoulder joint (two patients) were treated with transplantation of cylin- 
drical autograft plugs in OATS -technique from the non-weight-bearing 
zone of the femoral condyle. One to six plugs of different diameters were 
inserted for repair of the cartilage defect. Six patients had a combined 
high tibial osteotomy (HTO) or ACL-repair (twelve patients). Follow-up is 
3-20 months (mean 9 months). Patients underwent clinical assessment 
(OCD Score Bruns-Lysholm) as well as X-ray evaluation and MRI follow 
up in all cases. In addition, certain cases had a second-look arthroscopy. 

Overall, evaluation with the Visual Analog Scale showed twentyfive pa- 
tients had excellent results, thirtysix good results, while three patients 
had only fair results. All patients had an improvement in modified 
Bruns-Lysholm-score mean 35 (10-40) points. X-ray and MRI with (i.v.- 
Gadolinium) confirmed complete incorporation, vitality of the graft and 
congruity of the articular cartilage with different tide mark levels of the 
plugs. Second-look arthroscopy confirmed hardness of the cartilage of 
the graft. X-rays showed no deterioration of the knee joint, the other 
treated joints or enlargement of the defect. MRI performed at various 
stages during the postoperative period indicated progressive signs of fill- 
ing in of the defects and congruent joint surfaces. We had the following 
complications; one plug in an unacceptable position, one broken donor 
plug, one postoperative hematoma and one plug with late sinkage. Four 
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patients developed postsurgical anterior knee pain located at the site of 
donor plug harvesting but it was temporary. 



Discussion 

The arthroscopic/open use of autologous osteochondral grafts from the 
knee is indicated in chondral/osteochondral lesions in diameter from 1 to 
3 cm, which cannot be primarily reattached and in osteonecrosis of the 
femoral condyle, patella, elbow, and talar dome. Autologous osteochon- 
dral implanted grafts require violation of subchondral bone and lead to a 
corresponding defect at the donor site. Marrow cell techniques such as 
drilling, microfracture or abrasion arthroplasty have no good mid- or 
long-term results because they typically promote the development of fi- 
brocartilage. Fibrocartilage does not have the biomechanical properties of 
the hyaline cartilage (Buckwalter et al. 1990; Johnson 1991; Kim et al. 
1991; Mitchell and Shepard 1987; Peterson 1997; Rodrigo et al. 1994; Tip- 
pet 1996). Other methods using perichondral and periosteal grafts are de- 
scribed, but these techniques are limited by the amount of tissue avail- 
able and they have the tendency toward ossification of the repair tissue. 
A new alternative is autologous chondrocyte implantation (Homminga et 
al. 1990; Lorentzon 1996). Osteochondral allografts have the risk of viral 
transmission of disease and low chondrocyte viability, in addition to re- 
moval of host bone for implantation. Gross (1997) followed 123 patients 
(1972-1992) with fresh osteochondral allograft for osteochondral defects 
of the knee and found 95% success rate at 5 years, 71% at 10 years and 
66% at 20 years. Lateral patella facet autografts for repair of large osteo- 
chondral defects was described by Outerbridge et al. (1995). They re- 
ported on ten patients with an average follow-up of 6.5 years (range, 4- 
9). All ten patients were satisfied with their results. Yamashita et al. 
(1985) reported on the transplantation of an autogenic osteochondral 
graft for osteochondritis dissecans. Two patients with a follow-up of 
2 years were asymptomatic. Matsusue et al. (1993) published a case re- 
port of arthroscopic repair of a 15 mm-defect using three osteochondral 
plugs derived from the lateral intercondylar notch during ACL recon- 
struction. Second-look arthroscopy 2 years after the graft, showed the 
original defect to be completely covered with chondral tissue. Hangody et 
al. (1996) reported on 52 patients with autologous osteochondral mosaic- 
like graft technique for replacing weight-bearing cartilage defects. Histol- 
ogy in eight cases showed hyaline-like gliding surfaces. The HSS score 
was 82.5 (65-100) postoperatively. He had no reported complications re- 
lated to the non-weight-bearing donor sites and follow-up arthroscopy of 
these sites have noted the donor holes filled in with cancelous bone and 
fibrocartilage. Bobic (1996) reported on 12 cases of arthroscopic osteo- 
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chondral transplantation of lesions 10-22 mm in diameter. Ten of 12 pa- 
tients had excellent results at 2 years follow-up. Transfer of the posterior 
condyle of the femoral condyle has to be considered as a treatment op- 
tion of very large osteochondral defects (Imhoff and Ottl 1997). Autoge- 
nous transplantation of osteochondral plugs requires precise and careful 
surgery. Each transplanted plug has to be placed at the correct height and 
inclination as the surrounding surfaces. If it is slightly too low, even by 
only 0.5 mm, the plug will not have normal articular pressure and will 
not carry normal articular load and may predispose to late degradation. 
If it is too high, then it will take an unfairly large part of the joint load 
and this may lead to loss of the surface of the plug, and perhaps damage 
to the opposite cartilage counterface on the opposing bone (Amis 1998). 



Conclusion 

Disadvantages of autogenous osteochondral grafts were the limited sup- 
ply of autogenous tissue, defects in non-weight-bearing zone with tempo- 
rary anterior knee pain and a long rehabilitation. Advantages include no 
disease transmission, high survival rate of the grafted chondrocytes and 
reliability of autogenous tissue, effective one-step treatment, reconstruc- 
tion of the congruity of the articular cartilage and the treatment of differ- 
ent joints. Additional interventions such as osteotomy or ACL-repair 
should be considered. 
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Tissue Engineering in Cartilage Repair: In Vitro 

and In Vivo Experiments on Cell-Seeded Collagen Matrices 

S. Nehrer and M. Spector 



Introduction 

The limited healing response of articular cartilage has been reported for 
over three centuries (Hunter 1743; Paget 1853). Healing of cartilage de- 
pends on blood clot formation as a provisional matrix for cell migration 
and a subsequent cascade of chondroprogenitor cells derived from adja- 
cent cartilage, underlying marrow, or synovium, which eventually leads 
to the formation of reparative tissue in the defect (Buckwalter et al. 1988; 
Johnson 1991). The persistence of full thickness chondral defects in the 
articular surface (i.e. those that do not initially penetrate the subchondral 
bone) is multifactorial: the lack of blood supply, insufficient fibrin clot 
formation at the area of injury (Buckwalter et al. 1988; Mankin et al. 
1994), the low mitotic activity of chondrocytes, inhibition of synovial cell 
attachment (Langer and Gross 1974), and stimulation of degrading en- 
zymes (Mankin 1982). It is the variability of the repair process that con- 
tributes to the difficulty in predicting results of cartilage repair (Buck- 
waiter et al. 1990). 

Clinical factors that may influence the maturation and remodeling of 
the repair tissue include: the location and size (Convery et al. 1972) of 
the defect; the postoperative management, including continuous passive 
motion (Salter et al. 1980), the loading history; and the constitution of 
the patient with respect to age (Buckwalter and Mow 1992), weight, and 
joint malalignment. The biomechanical properties of reparative tissue 
may not be sufficient to withstand joint loading, with the subsequent de- 
generation of the tissue in the defect resulting in a chronic, symptomatic 
defect of the joint surface (Byers et al. 1970). In order to restore joint 
function, and to prevent further deterioration of the joint, repair tissue 
should have structure, composition and mechanical properties of articu- 
lar cartilage (Radin 1990). 
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Clinical Treatment of Cartilage Defects 

Orthopedic surgeons are still challenged in treating symptomatic full- 
thickness articular cartilage injuries. Treatments involve several tech- 
niques to stimulate bleeding from the subchondral bone to promote clot 
formation and a subsequent healing cascade, or the use of autologous tis- 
sue or cultured cells to facilitate cartilage regeneration. The full regenera- 
tion of structure and restoration of function of articular cartilage has not 
yet been achieved by any of the procedures in animal experiments, and 
the efficacy in human subjects has not yet been established (Buckwalter 
et al. 1990). Surgical procedures treating chronic cartilage defects include: 
abrasion arthroplasty (Johnson 1986), subchondral drilling (Pridie 1959; 
Tippett 1991) micro fracturing (Steadman 1992) and spongialization (Ficat 
et al. 1979). Perichondrial grafting involves either suturing or gluing rib 
perichondrium to the defect to introduce chondroprogenitor cells from 
the perichondrial germinative layer to achieve repair of the defect (Amiel 
et al. 1985; Engkvist and Johansson 1980; Homminga et al. 1989; Skoog 
and Johansson 1976). In a recently developed technique, a suspension of 
cultured autologous chondrocytes is implanted under a periosteal graft, 
which is sutured to the defect (Brittberg et al. 1994). This technique pro- 
vides exogenous chondrocytes as a cell source to facilitate cartilage re- 
generation (Grande et al. 1989). The use of a cell suspension of ex vivo 
cultured chondrocytes as a source for cartilage repair opened up a new 
approach for the treatment of defects of the articular surface in joints. 
The special requirement in the implantation procedure of producing a 
leak-proof compartment for the injectable cells by suturing a periosteal 
graft to the articular cartilage defect has prompted continuing efforts to 
develop biomaterials to serve as cell delivery systems. 



Tissue Engineering 

Tissue engineering includes the use of cells, matrices and regulators (e.g. 
growth factors) to synthesize tissues, which by nature do not regenerate 
or repair sufficiently (Fig. 1). This new-evolving field in a multidisciplin- 
ary approach including engineering, biochemistry, molecular biology and 
medicine to repair defects to restore normal function. In order to engineer 
articular cartilage in the laboratory, synthetic and natural polymer matrices 
have been seeded with cells in culture that can adequately replace defective 
joint surface (Vacanti et al. 1993). Alternatively implants have been pro- 
duced to facilitate regeneration of articular cartilage in vivo (Green 1977). 
Cell sources have included: allogeneic or autologous cells isolated from ar- 
ticular cartilage (Bentley and Greer 1971), periosteum (Rich et al. 1994), 
perichondrium (Chu et al. 1995; Coutts et al. 1994) and mesenchymal 
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MATRIX 



Collagen matrfces 



Fig. 1. Approaches in tissue engineering: articular cartilage lesions are treated by implanting cultured 
cells in cell suspension direaly into the defect (e.g. preferably under a periosteal flap) or by using 
matrices (e.g. collagen matrices) as scaffolds for cell implantation 



(stromal) stem cells (Caplan et al. 1993) from bone marrow. In most tech- 
niques cells are harvested by enzymatic digestion, expanded in cell culture, 
and then reimplanted by the use of different scaffolds as vehicles for the 
cultured cells. In monolayer culture the chondrocytes are able to prolifer- 
ate but they take on a fibroblast-like phenotype and decrease synthesis of 
cartilage-specific proteins. In three-dimensional culture conditions the 
chondrocytes are able to reexpress a chondrocytic phenotype by adopting 
a spherical morphology in these matrices. It is not yet possible to deter- 
mine which source of cells will yield the most favorable results. There are 
advantages and disadvantages for each approach, related to the require- 
ments for harvesting the cells and the potential for regeneration of articu- 
lar cartilage. In the case of allogeneic cells there is the potential for immune 
response (Langer and Gross 1974) and infectious complications. 

Matrices used as scaffolds for transportation of cultured cells, provide 
for a uniform cell distribution, and serve to maintain the cells in the tar- 
get site (Freed et al. 1993). The natural and synthetic polymers employed 
as scaffolds for engineering articular cartilage include: fibrin (Hendrick- 
son et al. 1993), collagen gels (Kimura et al. 1984) and collagen sponges 
(Speer et al. 1979) and polyglycolic and polylactic acid (Freed et al. 
1994). Gels produced from type I collagen have been used to culture 
chondrocytes in vitro and to facilitate articular cartilage regeneration in 
vivo. Insoluble type I collagen matrices have been successful in animal 
models to improve healing of cartilage defects (Grande et al. 1993). How- 
ever, complete regeneration was not achieved; the reparative tissue con- 
sisted of fibrous and fibrocartilaginous substances with some hyaline car- 
tilage also found. 
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Questions remain as to the most suitable chemical composition and 
pore structure to be used in the fabrication of a cell-seeded implant to 
treat defects in the articular surface. The substance should have a compo- 
sition that maintains the chondrocyte phenotype and a pore structure 
that accommodates cell infiltration. Furthermore, the scaffold needs to be 
mechanically stable enough to be handled surgically for implantation 
(Nixon et al. 1993). Due to the poor surgical handling characteristics of 
gels, sponge-like matrices may be preferred. The goal of our studies was 
to evaluate porous collagen matrices of type I and type II collagen as 
cell-seeded implants for cartilage repair. In vitro studies were performed 
using different types of collagen matrices of varying pore diameter and 
collagen type, as well as different sources of cultured articular chondro- 
cytes. 

Collagen Matrices 

In Vitro Experiment 

In vitro studies were performed to determine attachment and distribu- 
tion of the seeded cells and the reexpression of the chondrocytic pheno- 
type in type I and type II collagen matrices and to compare the biosyn- 
thetic activity of the seeded chondrocytes (Nehrer et al. 1998; Nehrer et 
al. 1997). 

The type I collagen-glycosaminoglycan (GAG) co-polymer was pro- 
duced as a co-precipitate of type I collagen from bovine hide (Integra 
Life Science, Plainsboro, N.J., USA) and of chondroitin-6-sulfate from 
shark cartilage, converted into a highly porous sheet by freeze drying. 
The matrix was produced with pore diameters of 25 and 85 pm. The type 
II material produced by treating porcine cartilage (Geistlich Biomaterials, 
Wolhusen, Switzerland) had a pore size of 85 pm. The type II sponges 
were cross-linked by ultraviolet-irradiation to decrease the degradation 
rate and increase mechanical stability (Weadock et al. 1995). Chondro- 
cytes were isolated enzymatically from harvested articular cartilage of the 
knee joints (patella, tibia) of calves, adult mongrel dogs, and adult hu- 
man subjects. The cells were cultured in monolayer and passaged one 
time. After expansion in monolayer the chondrocytes were trypsinized 
and the cell suspension, containing about one million chondrocytes, was 
seeded onto the collagen sponges. 

At the termination of the experiment after 3 h to 21 days, the speci- 
mens were evaluated histologically for cell morphology and cell distribu- 
tion. Microtomed sections of plastic-embedded specimens were stained 
with hematoxylin and eosin (HE) and safranin-0. Percentages of cells dis- 
playing spherical, chondrocytic morphology and elongated, fibroblastic 
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shape were determined using a grid eyepiece. For assay of cell prolifera- 
tion and biosynthetic activity the sponges with canine chondrocytes were 
digested in papain: DNA content was determined using the Hoechst dye 
number 33258; and the amount of GAG was assessed by measuring the 
content of chondroitin-4-sulfate by the dimethyl methylene blue method. 

Histological analysis of the cell-seeded constructs revealed higher per- 
centages of cells assuming a chondrocytic phenotype (spherical shape) in 
the type II matrix compared to the type I matrix with comparable pore 
diameter (85 pm) at all time points and for different species (Fig. 2 a, b). 






i 




Fig. 2 a, b. Cultured chondrocytes in type I collagen matrices (a) assume a fibroblast-like, elongated 
cell shape, whereas in a type II collagen matrix (b) the majority of the cells yielded the chondrocytic, 
round phenotype (hematoxylin and eosin staining) 
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Canine chondrocytes in the type I collagen matrix with smaller pore 
diameter (Kimura et al. 1984 ) displayed a higher percentage of the chon- 
drocytic phenotype at the early time points (3 h), but no difference after 
7 days, compared to the type II matrix (Nehrer et al. 1997). The bioas- 
says revealed significant increases in GAG and DNA over the 7 days of 
culture. However, the increase of GAG normalized to DNA (pg GAG/ 
pg DNA) was significantly higher in the type II sponge. 

The in vitro studies showed that collagen type and pore size influenced 
the morphology and biosynthetic activity of seeded chondrocytes. The 
type II collagen matrix yielded the highest percentage of cells with spher- 
ical shape and biosynthetic activity at each time period. Our results sug- 
gest that the pore characteristics and chemical composition of the matrix 
are important factors in controlling the behavior of seeded chondrocytes. 



In Vivo Experiment 

Type I and type II collagen matrices of the same pore size (85 pm) were 
used as cell-seeded scaffolds in a cartilage repair procedure in an animal 
model (Nehrer et al. 1998). Chondral defects (4 mm in diameter) were 
produced in the trochlear groove of the knee joint of adult mongrel dogs. 
The defects were divided among five treatment groups and evaluated 
after 16 weeks. 

Small pieces of cartilage were harvested from non-articulating areas of 
the knee joint. Chondrocytes were enzymatically isolated, expanded in 
cell culture for 12 days, and one million cells were seeded in type II col- 
lagen sponges with a diameter of 5 mm (2-3 mm thick). The cell-seeded 
constructs were implanted within 12 h and covered by a sutured layer of 
the type II material. The type I collagen sponge was seeded with chon- 
drocytes as described above. The cell-seeded matrices were placed under 
a sutured fascia flap. Unseeded type I collagen sponges were implanted 
under the fascia flap and the free fascia flap alone was sutured to other 
defects as a control to evaluate the influence of cell augmentation. Un- 
treated defects were prepared as controls. All treatment groups were eval- 
uated after 15 weeks. Defects obtained immediately after their surgical 
preparation and within 30 min of implantation of a matrix served as 
acute controls. 

Paraffin-embedded sections stained with HE and safranin-0 were evalu- 
ated using a grid eyepiece to determine the area percentage of four different 
specific tissue types in the defect based on cell morphology and matrix 
structure: fibrous tissue (FT); hyaline cartilage (HC); “transition” tissue 
(TT), between FT and HC, including fibrocartilage; and articular cartilage 
(AC). Bonding of the repair tissue to the subchondral plate and adjacent 
cartilage, and degradation of the adjacent tissues were documented. 
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The acute controls revealed only small amounts of remnants of AC and 
only occasional damage to the subchondral plate. The acute implant con- 
trols revealed that the implant was still in place 30 min after joint closure 
(Fig. 3). Gross appearance after 15 weeks showed the best resirlt for the 
cell-seeded type II matrix with whitish repair tissue filling the defect; the 
borders of the defect, however, were clearly visible. Histologically the 
cell-seeded type II collagen implant group contained the most reparative 
tissue (i.e. the greatest amount of fill, 58%). The areal percentage of hya- 
line and articular cartilage was comparable for both types of cell-seeded 
collagen implants. The subchondral bone displayed a remarkable remod- 
eling process. The unseeded implants and the fascia group contained no 
hyaline cartilage. The untreated controls displayed less filling, but the 
highest areal percent of hyaline and articular cartilage. Evaluation of the 
adjacent cartilage revealed no difference among treatment groups; 
although remarkable suture damage was found in some sections. 

The animal model revealed that cell-seeded implants of both types of 
collagen of the same pore diameter were able to increase the amount of 
tissue filling the defect. However, histological analysis of tissue types re- 
vealed mostly FT and TT for both types of matrices. In contrast to other 
animal studies, we did not find an increased formation of hyaline carti- 
lage after implantation of cell seeded constructs in a chondral defect in 
adult canines at 15 weeks. However, about 80% of the repair tissue after 
implantation of a seeded type II collagen implant was transition tissue 
suggesting a maturation process of the tissue. We found less repair tissue 
and no regeneration of hyaline tissue after implantation of unseeded col- 




Fig. 3. Histology of a freshly implanted collagen matrix in an experimental defect in a canine model 
(hematoxylin and eosin staining) 
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lagen matrices or fascia alone. The areal percentage of hyaline tissue in 
the untreated defects exceeded that of all of the treatment groups. 



Conclusion 

Our results demonstrated that cultured chondrocytes seeded in type I 
and type II collagen matrices proliferate and synthesize cartilage-specific 
molecules in vitro and can be used as scaffolds for implantation in a 
chondral defect. Pore characteristics and biochemical composition influ- 
enced cell behavior. Although the cell-seeded constructs clearly failed to 
restore the structure of articular cartilage in the investigated time period, 
we found an increased tissue formation, which filled the whole defect in 
many of the specimens. However, some defects showed less filling and 
the repair process remained unpredictable. Future studies need to investi- 
gate long-term follow-up of the increased formation of repair tissue and 
the subchondral remodeling process. Variation of pore characteristics 
and chemical composition of matrices, as well as cell sources, culture 
conditions and seeding techniques have to be investigated to improve re- 
generation of hyaline tissue by cell-seeded implants. 
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Autologous Chondrocyte Grafting for the Treatment 
of Cartilage Defects 

M. Brittberg 



Introduction 

The repair of a damaged tissue is typically dependent on the formation 
of a blood clot. This blood clot eventually fills the damaged tissue area 
and attracts cells from the surrounding tissue that can repair the injured 
area. The resultant scar tissue in time matures to become almost identi- 
cal to the original tissue. 

Adult articular cartilage lacks blood vessels and when the cartilage is 
damaged, a blood clot does not form. The defect area will not heal 
(Buckwalter and Cruess 1991). A small defect may not cause any trouble 
but larger defects will give rise to locking or catching of the knee, local 
pain and swelling. Some of these defects may also progress to the more 
widespread joint failure of osteoarthritis. There are a substantial number 
of patients suffering from disabling joint complaints due to different de- 
grees of cartilage damage. The methods used to treat this joint damage 
have so far not been very successful (Buckwalter and Lohmander 1994). 

Formation of cartilage during both embryonic development and repair 
processes involves the differentiation of so-called multipotential primitive 
mesenchymal cells. These cells exist, for example, in muscle, bone-mar- 
row, periosteum and rib cartilage. In a milieu without blood vessels, they 
can start to produce a cartilaginous tissue. 



Principles of Repair Mechanisms 

In the injured site, a cell-dependent-differentiation occurs. This means 
that the initial number of cells that are able to take part in the repair 
events is of great importance. In the defect area, primitive mesenchymal 
stem cells undergo a series of cellular transitions with an ultimate differ- 
entiation to the original phenotype of the injured tissue. This repair line- 
age is common to all types of mesenchymal tissue (Caplan 1991; Caplan 
et al. 1993). The repair of the mesenchymal tissue is thus dependent on 
the local availability of these stem cells. The goal for the surgeon is to 
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supply high densities of these repair-competent cells to the injured site, 
such as a chondral defect, to achieve some sort of repair or healing. 

Each type of repair of chondral defects can be seen as the introduction 
of cells into the injury area. Investigators all over the world have tried to 
use these primitive cells to repair cartilage defects by drilling the lesions 
to attract bone marrow cells (Buckwalter and Lohmander 1994; Pridie 
1959), resurfacing with periosteum (Angermann and Riegels-Nielsen 
1994; Niedermann et al. 1985; O’Driscoll et al. 1986) and perichondrium 
(Beckers et al. 1992; Engkvist 1979; Homminga et al. 1990). This type of 
so called “biological resurfacing” has been promising in young animal 
trials but not sufficiently studied in humans. The cells that could be used 
and the cells that are able to induce a hyaline repair that will withstand 
wear are open to discussion. Several techniques for cartilage repair de- 
scribe the repair as hyaline-like due to the hyaline appearance in mor- 
phology and/or biochemistry but no one has achieved cartilage regenera- 
tion; a full restoration of the structure identical to the original tissue. All 
these cell sources may prove effective in the creation of a functional tis- 
sue-engineered graft, but those that are best remain to be discussed. 

The chondrocytes do not divide to any large extent in animal or hu- 
man cartilage. But if the cells are separated from the cartilage matrix 
they can be expanded in vitro. The cells can be cultured for 2-3 weeks to 
expand the number of cells 20-30 times the initial amount. 



Animal Studies 

This knowledge was used by Lars Peterson and co-workers in 1982 when 
they developed a rabbit model to treat cartilage defects in the rabbit pa- 
tella with their own cultured cells (Grande et al. 1989). With that model, 
using the knee joints of adult rabbits, Grande and co-workers (1989) ex- 
amined the effect of autologous chondrocytes grown in vitro on the heal- 
ing rate of chondral defects not penetrating the subchondral bone plate. 
To determine whether any of the reconstituted cartilage resulted from the 
chondrocyte graft an experiment was conducted involving grafts with 
chondrocytes that had been labeled prior to grafting with a nuclear trac- 
er. Results were evaluated using both qualitative and quantitative light 
microscopy. Macroscopic results from grafted specimens displayed a 
marked decrease in synovitis and other degenerative changes. In defects 
that had received transplants, a significant amount of cartilage was recon- 
stituted (82%) compared to ungrafted controls (18%). Autoradiography 
on reconstituted cartilage showed that there were labeled cells incorpo- 
rated into the repair matrix. 

The above-mentioned rabbit model has since then been used and 
further developed by our group in Goteborg. The cultured cells are in- 
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jected into a pre-made cartilage defect in the patella of the rabbit and 
covered with a flap of periosteum, functioning as a biological membrane. 
This method resisted in a high degree of healed rabbit patellar defects 
and the repair tissue was similar to the original cartilaginous tissue 
(Brittberg et al. 1996). 

In mature articular cartilage, the chondrocyte is a resting cell and 
functions in a well-regulated, balanced system between the chondrocyte 
and matrix. An insult or injury, like the enzymatic digestion of matrix, 
will start cell proliferation and permit the rapid expansion of the number 
of cells available. The isolated chondrocytes are phenotypically unstable 
and will dedifferentiate in the monolayer culture system that we use for 
cell culture. However, the cells regain the chondrocytic phenotype when 
the cultured cells are encapsulated with their own newly produced matrix 
(Brittberg 1996; Brittberg et al. 1996). It is possible that the isolation of 
chondrocytes and the expansion of cells in culture until confluence with 
most of the cells still dedifferentiated is the ideal way to obtain a large 
number of mesenchymal cells which, after seeding, continue to produce a 
hyaline cartilaginous tissue until the cells go into terminal differentiation. 

In our rabbit model we never opened the subchondral space in the de- 
fects and the defect area was thus an area of low oxygen tension with no 
contact with the host vasculature (Brittberg 1996; Brittberg et al. 1996). 
This is also important in order to retain the phenotypic stability of the 
chondrocytes. After drilling chondral lesions, invading mesenchymal stem 
cells could differentiate into chondrocytes, but these cells could eventually 
produce fibrocartilage containing amounts of type I collagen. This might 
occur under the influence of vascular-derived factors such as a high oxy- 
gen tension and specific growth factors. This fact could be of importance 
when studying the cell repair in different animals bearing in mind the dif- 
ferent qualities of the subchondral bone in different species. The subchon- 
dral bone in the rabbit patella is quite hard and difficult to break through 
during the preparation for cell transplantation. The subchondral bone in 
the pig and dog is much thinner and one could easily go through the bone 
plate and eventually jeopardize the repair (Breinan et al. 1997). 

An opening of the subchondral space could thus negatively influence 
the repair of a cartilage defect seeded with cultured chondrocytes due to 
the influence of bioactive vascular factors or ingrowth of other types of 
mesenchymal cells. 

We could regard the cartilage defect as a bioactive chamber (Brittberg 
1996). Repair could hypothetically come from the surrounding cartilage 
in the walls of the defect, from the calcified zone chondrocytes in the 
cryptae of the irregular subchondral bone plate. Cells could possibly mi- 
grate into the defect from the synovial fluid. We know that the cells in 
the adjacent cartilage show mitotic activity some time after injury but 
not enough for any significant repair. 
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Bioactive Chamber 

The bioactive chamber theory is useful when alternative cell or tissue 
transplantation techniques in particular are discussed. Periosteal resurfac- 
ing, for instance, is almost always combined with an opening of the sub- 
chondral bone marrow space. The periosteal cells and bone marrow cells 
have dual phenotypic expression and are capable of differentiating to 
bone and/or cartilage depending on local environmental factors emanat- 
ing from the vascular bone marrow and from the synovial fluid. How- 
ever, in contrast to the cartilage nodule formation seen after pure chon- 
drocyte implantation in the athymic mouse, the implantation of perioste- 
ally derived cells into the subcutis of an athymic mouse will produce a 
nodule consisting of a central portion of cartilage that is slowly turned 
into bone via endochondral ossification, while the periphery develops 
into bone through intramembranous bone formation (Nakahara et al. 
1990). One theory is that the cells follow their initial program of differen- 
tiation and that chondrocytes are committed to produce cartilage, while 
the periosteal and bone-marrow cells are committed to produce bone. 
This implies that the chondrocytes developed from both these cell types 
are pre-stage of osteoblasts. Low oxygen tension and chondrogenic fac- 
tors will help to retain their chondrogenic status in the osteogenic line- 
age, but they may be more unstable than the purely committed chondro- 
cytes and progress into hypertrophic chondrocytes and finally into bone. 
The phenotypic fate thus appears to determine the type of the final tis- 
sue. 

A factor in favor of the use of committed chondrocytes in transplanta- 
tion is that there is an age-dependent decline in the number of these 
multipotential chondrocyte progenitor cells in the periosteum, perichon- 
drium and the bone marrow (Caplan et al. 1993; Nakahara et al. 1990). 
This knowledge is important as it restricts the use of these tissues to 
young patients. 



Role of the Periosteum 

In our rabbit work (Brittberg et al. 1996), the patellar defects were 
treated with autologous chondrocytes together with a covering periosteal 
graft on one side. The contra-lateral side was treated with periosteum 
alone. The defects were deep, reaching down to the calcified zone but 
with no opening of the subchondral space. In a defect of this type with- 
out any treatment, there was an intrinsic repair of 29% of the total defect 
area, primarily by what we call matrix flow from mitotic activity at the 
edges of the defect. This level of repair should be compared with the 
mean repair area of 30% 1 year after periosteal grafting alone and signifi- 
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cantly different from the 87% repair area with chondrocytes and perios- 
teum. Consequently, it does not appear that the periosteum makes any 
significant contribution to the repair. In other reports where successful 
repair with periosteum has been reported, this repair has been combined 
with an opening of the subchondral space making it possible for repair- 
competent cells to invade the defect. These findings may all be explained 
within the previously mentioned concept of a bioactive chamber as a pre- 
requisite for any cartilage repair. 

We have also studied the interaction between the periosteum and the 
cultured chondrocytes and found that the periosteum stimulated the 
chondrocytes to proliferate by exerting a paracrine effect on the chondro- 
cyte cloning efficiency (Brittberg 1996). Another important finding was 
that there were different degrees of differentiation in the chondrocytes in 
the cultures that responded differently to the periosteal stimulation. The 
bioactive chamber concept could be used to explain results without cell 
seeding but with an opening of the subchondral space. In these cases, we 
can postulate that the periosteum exerts the same paracrine effect on in- 
vading mesenchymal stem cells from the bone marrow as it does on 
transplanted chondrocytes. In young individuals, osteochondrogenic cells 
from the periosteal cambium layer could directly also contribute to the 
repair but perhaps even these cells require information from another cell 
type. 

Clinical Use 

These animal studies encouraged our group in Goteborg to start to use 
the technique with human patients in 1987. With the permission from 
the Swedish ethics committee we started to treat patients with chronic 
disabling symptoms of the knee joint with cultured cartilage cells from 
their own cartilage (Fig. 1). The first 23 patients (mean age 27 years) 
were presented in 1994 (Brittberg et al. 1994 a). Those patients had local 
deep cartilage injuries that had been treated with conventional methods 
without any healing. The technique appeared to be most successful in pa- 
tients who had injuries on the femoral surfaces producing a single, local- 
ized deep cartilage lesion compared with the patella patients that were 
less successful. This morphology is important to note, as opposed to the 
gradual wear and tear of advancing age and arthritis. The disappointing 
outcome of the patella group might have resulted from mechanical mis- 
alignments of the patella that were not corrected at the time of transplant 
surgery. 

A new examination was done in 1996 on 92 patients with a follow-up 
between 2-9 years. There was a high percentage of good to excellent re- 
sults in patients with single femoral condyle lesions (24 patients, 92%) 
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Fig. 1 a-d. a A cartilage injury on the medial femoral condyle has been found. Cartilage slices (300- 
500 mg) are harvested from an unloaded area on the upper medial femoral condyle. The harvested 
cartilage is taken to the laboratory and the chondrocytes are isolated and cultured in a nutritional 
medium for 2 weeks, b Two weeks after initial arthroscopy, the joint is opened and the cartilage 
injury is carefully debrided. A flap of periosteum is taken from the medial tibia to function as a bio- 
logical membrane, c The periosteal flap is sutured over the defect with interrupted resorbable sutures. 
A fibrin-glue is used to seal the suture row. d The cultured cells (8-12 million chondrocytes) in a 
syringe (0.2-0.4 ml) are injected into the defect below the periosteal flap 



and in patients with osteochondritis dissecans (19 patients, 89%) whereas 
75% good to excellent results in patients with femoral condyle lesions 
and a concomitant anterior cruciate injury and ligament reconstruction 
(16 patients). Twenty-one patella grafted patients were improved in 62% 
and 75% improved in multiple lesions patients (12 patients). Twenty-six 
knees were biopsied and 80% of the biopsies showed a hyaline-like ap- 
pearance. 

By January 1998 our cartilage-group in Goteborg had treated 550 pa- 
tients with (disabling cartilage injuries with their own cultured cartilage 
cells. 
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Conclusion 

Cartilage defect repair requires a continually evolving network of interac- 
tions among the implanted cells, surrounding tissue and the produced cy- 
tokines. The ongoing basic research is now focused on cytokines and dif- 
ferent integrins that can be used to assist in biomaterial-guided tissue re- 
generation (Brittberg et al. 1994 a; Brittberg et al. 1996). Novel polymers 
are being created and assembled into three-dimensional configurations, 
to which cells attach and grow to reconstitute tissues. However, it is a dif- 
ficult task to find a scaffold that is resorbed at the same speed as the 
neocartilage is formed. 

Focal cartilage destruction is the major feature of the disease of os- 
teoarthritis afflicting about 75% of the elderly population. To what extent 
a single lesion of the cartilage will progress into osteoarthritis is not 
known. It is possible to use different methods to repair a destroyed ar- 
ticular surface to a greater or lesser degree but we do not know the natu- 
ral course of a chondral injury. Which lesion will progress and which will 
not? It is also not known if repairing a local cartilage defect with a good 
quality repair cartilage will prevent such a development. 

The future of cartilage injury treatment may possibly be found in a 
bioengineering approach, programming cells or tissues to repair the 
chondral and osteochondral injuries. 
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Perichondrial Grafting for the Treatment of Hyalin 
Cartilage Defects - Experimental In Vitro and In Vivo Data 

J. Bruns 



Introduction 

The effectiveness of autologous rib perichondrium for repair of full-thick- 
ness hyaline cartilage defects has been shown experimentally and clini- 
cally in various reports (Amiel et al. 1985 a, 1985 b, 1988; Bruns et al. 
1992, 1994; Bulstra et al. 1990; Coutts et al. 1984). The purpose of these 
two studies was to examine the behavior of sheep rib perichondrial tissue 
under in vitro conditions depending on different culture conditions; and 
in vivo depending on the anatomical side and fixation technique in a 
large animal model (Bruns et al. 1992, 1994). 



In Vitro Examination 

Materials and Methods 

Rib perichondrium was obtained from sheep used for an experimental in 
vivo trial. Specimens were cultured for 14 days under standard culture 
conditions. The explants were initially cultured on collagen sponges 
(group A), fibrin glue (group B) and cellulose acetate filter (group C). 
Then, in the second part with or without the addition of fetal calf serum 
(PCS). Specimens were examined histologically, histochemically, histo- 
morphometrically and autoradiographically (Bruns et al. 1994). 



Results 

Histologically, a clear differentiation of perichondrial cells towards a chon- 
drocyte-like cell shape particularly in the proliferation zone was noticed on 
all three matrices. These cells synthesized new matrix substances compar- 
able to the ground substance normally present in hyaline cartilage (Fig. 4 
and 5). 
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Fig. 1. Sheep knee joint with two drill-holes, 

7 mm in diameter, in the non-weight-bearing 
area (patellar groove, arrowheads) and two drill- 
holes in the weight-bearing area at the femoral 
condyle (arrows) filled with perichondrial grafts: 
after 8 weeks a complete filling in the non- 
weight-bearing areas and incomplete filling in 
the weight-bearing area is visible 



Autoradiographic analysis using 3-H-thymidine demonstrated the pro- 
liferation zone as the most proliferative area. Morphometric analyses of 
the tissue differentiation due to the use of different culture matrices re- 
vealed no significant differences in the proliferation rates (Bruns et al. 
1994) but a significant increase with time (Fig. 6). 

A clear differentiation of perichondrial cells towards a chondrocyte- 
like cell shape was also noticed when FCS was not added (Fig. 6). 



In Vivo Examination 

Materials and Methods 

Osteochondral lesions were made in the articular surface of knee joints 
in 36 sheep. The defects were filled with autologous rib perichondrial 
grafts that were secured by either collagen sponges (n = 12 animals) or 
fibrin glue {n = l2 animals). Defects without perichondrial grafts served 
as controls {n = l2 animals). Following 1 week of immobilization of the 
operated leg, the plaster was removed and the animals were allowed to 
move freely. Animals were killed after 4, 8, 12 and 16 weeks. The grafts 
were removed and investigated morphologically (Bruns et al. 1992). 
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Fig. 2. Microscopic findings in a graft 8 weeks after transplantation harvested from the non-weight- 
bearing area: the superficial zone {top) exhibits newly produced cartilage with a high density of chon- 
drons (v. Gieson x16) 











Fig. 3. Microscopic finding in a graft 4 weeks 
after transplantation into a weight-bearing area: 
area between graft (T) and normal cartilage: 
Surface (G) is depressed and the rim towards 
the normal cartilage (arrows) is filled with scar 
tissue containing blood vessels (hematoxylin 
and eosin [HE]x96) 
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Results 

In contrast to weight-bearing areas and control defects, hyaline-like carti- 
lage formation could be noted in non-weight-bearing areas even after 4 
weeks (Fig. 1 and 2). This newly formed cartilage revealed strong meta- 
chromasia following staining with acidic Toluidine-blue and reacted posi- 
tively with periodic acid-Schiff (PAS), indicating de novo synthesis of 
proteoglycans and glycoproteins. Scanning-electron microscopy and ex- 
aminations with polarized light confirmed a hyaline-cartilage-like archi- 
tecture for the surface area as well as for the fiber orientation of the 
whole graft. Enzyme histochemistry for alkaline and acid phosphatase ac- 
tivity showed positive reactivity only at the base of the transplants. 

Weight-bearing areas exhibited significantly less production of hyaline- 
like cartilage (Fig. 3). Defects were only incompletely filled. In control de- 
fects without any transplants only incomplete filling with fibrous tissue 
was seen (Bruns et al. 1992). 



Discussion 

Tizzoni (1878) and Doerner (1905) had already investigated the chondro- 
genic potential of perichondrium. Other authors have confirmed the po- 
tential of this specific tissue as perichondrial grafts to form hyaline-like 
cartilage in articular cartilage lesions in rabbits and dogs (Amiel et al. 
1985; Engkvist and Ohlsen 1979; Engkvist et al. 1979; Kon 1981; Ohlsen 
and Widenfalk (1983); Skoog et al. 1972, 1975; Woo et al. 1987). Peri- 
chondrial grafting has also been successfully performed in humans when 
the grafts were applied into non-weight-bearing joints (finger, wrist) 
(Pastacaldi and Engkvist 1979; Serradge et al. 1984; Sully et al. 1980). 

In contrast, only a small number of in vitro studies using perichon- 
drial tissue have been performed (Bruns et al. 1994). Development of hya- 
line-like cartilage was clearly demonstrated. Cell cultures with isolated 
perichondrial cells (Upton et al. 1981) from rabbit ears showed that iso- 
lated perichondrocytes display characteristics more similar to chondro- 
cytes than to fibroblasts. Recently, the in vitro capacity was corroborated 
for human rib perichondrium (Bulstra et al. 1990). 

The rationale for the use of these particular methods is that fibrin glue 
is commonly used for in vivo graft fixation. Also collagen sponges exhib- 
it a stimulating effect on the cartilaginous and osseous cell differentiation 
as known from several in vitro investigations (Kimura et al. 1984; Maor 
et al. 1987; Wakitani et al. 1989; Yasui et al. 1982). 

Our results confirm the typical course of cell differentiation towards a 
hyaline-like cell differentiation. In contrast to Bulstra et al. (1990), we 
suggest the proliferation zone of the perichondrium to be the most active 
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area for this production. This is based on the observation that cells of the 
proliferation zone, called perichondrocytes, exhibit the most impressive 
configural changes from an elongated cell configuration towards a more 
chondrocytic configuration. This is confirmed by the accompanying his- 
tochemical reaction and autoradiographic activity and the fact that peri- 
chondrocytes from the proliferation zone demonstrate a chondrocytic 
configuration as in the transition zone after some days in culture. 

A suggested constant promoting effect on cartilaginous cell differentia- 
tion due to the use of collagen sponges could not be observed. Neither 
was there any evidence of deteriorating effects as suggested by Itay et al. 
(1987), nor signs of stimulating influences on the development of hya- 
line-like cartilage were detectable by using xenologous fibrin glue as a 
culture matrix. Comparison of results from grafts cultured on collagen 
sponges and fibrin glue demonstrated no constant significant differences 
in the proliferating capacity of perichondrium. From these in vitro data 
no preference for the use of either fibrin glue or collagen sponge as a glu- 
ing agent can be given. Furthermore, we found that even without addi- 
tion of FCS, perichondrial tissue culture is possible. This opens the op- 
portunity to further examine the influence of growth factors. 

For a clinical in vivo application in weight-bearing joints such as knee, 
ankle and hip, several questions arise regarding the fixation of the grafts, 
the time of immobilization as well as the mode of mobilization. That is 
to say that we had to evaluate the role of continuous passive motion 
(CPM) or active motion (Amiel et al. 1985 a, 1985 b; Engkvist and Ohlsen 
1979; Kon 1981; Salter et al. 1975, 1980). It was therefore the purpose of 
our in vivo experiment to examine the influence of weight-bearing or 
weight-restriction on the differentiation of perichondrial grafts into hya- 
line-like cartilage in a large animal model. 

In order to simulate restriction from weight-bearing, perichondrium 
transplantation was performed at the patellar groove, which has been re- 
ported to never come into contact with another joint surface (Passl et al. 
1976). These grafts were compared with those transplanted into the 
weight-bearing area at the femoral condyle that is always in contact with 
the tibial plateau. Radiographically, it was confirmed that the area de- 
fined as “non-weight bearing” had no contact with any other part of the 
joint in flexion and extension. It was also verified that the area defined as 
“weight-bearing” was in contact with the tibial plateau. 

The sheep were allowed to move freely with active motion. This meant 
that the two different articular cartilage areas represent two different con- 
ditions of active motion with and without weight-bearing. Irrespective of 
whether the exact conditions of weight-bearing were completely defin- 
able, this study clearly demonstrated the different extent of development 
of a hyaline-like cartilage dependent on the weight-bearing conditions 
provided in this sheep model. From structural aspects, all micromorpho- 
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logical methods used in this study showed histological and histochemical 
differentiation from original perichondrial tissue into hyaline-like carti- 
lage up to 16 weeks postoperatively. The development of hyaline-like car- 
tilage followed a typical course. At 4 and 8 weeks after transplantation, 
remnants of the original fibrous perichondrial part were still visible. 
After 12 weeks cells of the grafts began to orientate more perpendicular 
in the deeper part and horizontally in the superficial layer. 

Parallel to that, grafts demonstrated an orientation of the fibers similar 
to the original perichondrial tissue after 4 and 8 weeks, increasing after 
12 weeks and even more after 16 weeks (Fig. 2). Fibers began to become 
orientated more like in normal hyaline cartilage with the typical struc- 
ture of the superficial, intermediate and deep layer. 

The second purpose of the in vivo study was to examine different fixa- 
tion techniques. Fibrin glue is known to be a sufficiently resorbable glue 
that is used clinically for refixation of osteochondral fractures and trans- 
plants (Coutts et al. 1984; Gaudernak et al. 1986; Homminga et al. 1989, 
1990; Kaplonyi et al. 1988; Keller et al. 1986; Passl et al. 1976). Collagen 
sponges have a good hemostatic function (Schittek et al. 1976). Previous 
in vitro studies suggest that collagen sponges can promote differentiation 
of isolated cartilage precursor cells into cartilage and bone cells (Kimura 
et al. 1984; Maor et al. 1987; Wakitani et al. 1989; Yasui et al. 1982). In 
our experiment, there were no cartilage differentiation promoting effects. 







Fig. 4. Perichondrial tissue after 14 days in cul- 
ture (area between fibrous perichondrium and 
proliferation zone). The proliferation zone 
(arrows) exhibits some perichondrocytes with a 
fibrocytic shape, mostly cells with a chondro- 
cytic shape, lying in chondrons, are visible. 

In the lower part the fibrous perichondrium is 
visible (HEx96) 
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Fig. 5. Histochemical finding in perichondrial tissue after 14 days in culture [area between fibrous 
perichondrium (FP) and proliferation zone], The proliferation zone exhibits a strong staining of the 
hyalin ground substance, whereas the fibrous perichondrium does not show any staining (Toluidine 
Blue, pH 2.0, x32) 
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Fig. 6. Morphometric data of perichondrial culture (proliferation zone, number of isogenic groups). 
A distinct increase of the number of isogenic groups (chondrons) is detectable. (FCS, fetal calf serum; 
single asterisk, significant, or double asterisks, highly significant difference on the same day; plus sym- 
bol, significant difference in comparison to uncultured controls) 



This means we observed no better cell differentiation, no improved fiber 
orientation of collagen fibers and no earlier production of ground sub- 
stance. In comparison to fibrin glue fixation, the use of collagen sponges 
produced a detrimental effect. The quality of the junction between the 
graft, the subchondral bone and surrounding cartilage was poor. The 
gaps between graft and host were larger and did not show characteristics 
of enchondral ossification as seen in grafts with glue fixation. The expla- 
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nation may be that collagen sponges do not fix perichondrial grafts suffi- 
ciently firmly to allow hyaline-like cartilage differentiation, particularly 
when active motion is applied. 

Clinical investigations such as roentgenograms, magnetic resonance 
imaging or arthroscopy will have to demonstrate whether recommenda- 
tions for postoperative conditions such as non-weight-bearing and CPM 
are transferable from experimental data into clinical practice. The advan- 
tages of perichondrial grafting for the repair of full thickness articular 
cartilage defects include the avoidance of immunological complications 
and the use of tissue that contains intrinsic proliferative potential to im- 
prove the ingrowth into cartilage defects. 
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Cartilage Destruction of the Knee Due to Partial 
Meniscal Resection 

J. Grifka, T. Kalteis and W. Plitz 



Introduction 

Partial meniscal resection of the knee is the most frequent arthroscopic 
procedure. Statistical evaluations show that in more than 70% of the 
cases there is an isolated lesion of the posterior horn, due to trauma or 
degenerative changes. With sufficient arthroscopic skill, adequate equip- 
ment and appropriate instruments only the flap or damaged part is re- 
moved leaving a smooth and stable rest. We try to preserve as much me- 
niscal tissue as possible and avoid damage to the cartilage of the femoral 
condyle or tibial plateau. Tears in the white/white or red/white area lack- 
ing healing potential, or painful degenerative tears are indications for re- 
section. There is a biomechanical idea that mobile flaps or frayed edges 
may cause cartilage destruction due to interposition and shear motion. 
Reports about clinical outcome of the articular cartilage after meniscal 
resection are controversial. 

Animal studies do not help because of different loading and moving 
situations in quadropedia. Therefore, we set up a standardized biome- 
chanical test using fresh human cadaveric knee joints. 



Experimental Set-Up 

Different knee joint simulators have been developed for tribologic testing 
of knee endoprosthesis. We chose a testing machine that allows free mo- 
tion in all six degrees of freedom and has no constraint, to enable us to 
create a gait-cycle with typical loading on the knee. 

The knee joint simulator by Stallforth and Ungethiim (1977) fulfilled 
these requirements and could be adjusted to the cadaveric human knees 
with additional data accumulation like pressure measurements. To simu- 
late a physiological loading, we programmed a gait-cycle according to 
Morrison (1968) and Seedhom and Hargreaves (1979). It had a double- 
step stress curve with a maximum load of 2000 N, considered to repre- 
sent normal walking with highest pressure of the knee during heel-strike 
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(calculated force as body weight multiple local velocity in axial loading 
of the bony structures). 

Duration of the whole gait-cycle and bending of the specimens were 
standardized to match the physiologic situation. When reaching heel 
strike, the knee was slightly flexed at 20°. Within 190 ms full extension 
was achieved. Full ground contact of the foot stand phase lasted 300 ms, 
followed by toe-off, and then accelerated less loaded knee motion. The 
frequency was 0.85 Hz. This gait-cycle was continuously performed for 
48 h. 

We performed preliminary tests with 6 fresh knees before entering the 
definite study. This checked our correct testing conditions, including han- 
dling of the specimens, data registration and evaluation, and the cartilage 
condition during the trial. 

We only accepted knees without any trauma or previous operation. 
The completely intact cartilage and meniscal condition was confirmed by 
arthroscopy (Fig. 1). The ligaments had to be completely intact. Radiolog- 
ical examination excluded bony changes. A knee was only accepted when 
the donor was within 20% range of the ideal Broca value of weight to 
body height. Our 24 specimens came from eight female and 16 male do- 
nors aged between 22 and 45 years (mean 31 years). They had died 36 to 
48 h before testing. 

The 18 knees for the definite trial were separated into three groups (I- 
III) consisting of six knees each. Series I formed the control group. After 
arthroscopic confirmation of completely intact cartilage surface and un- 
disturbed meniscal status the knees were fixed in the testing device. They 
were covered by a transparent foil filled with Ringer’s lactate solution and 
then immediately loaded under cyclic strain for 48 h (Figs. 2 and 3). 




Fig. 1. Arrangement of the knee specimens with an intact capsula for arthroscopy 
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Fig. 2. Specimen covered with a foil (polyethylene) and surrounded by Purisole solution (sorbitol-man- 
itol). Tubes for femoral and tibial fixation in combination with pressure sonors 




Fig. 3. Specimen fixed in the knee joint simula- 
tor by Stallforth and Ungethum (1977) for gait- 
cycle movement and loading 
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In series II, the posterior horns of the medial and lateral menisci were 
incised arthroscopically, creating mobile flap lesions of about 2-2.5 cm 
length (Fig. 4). We checked that the flaps could interpose themselves into 
the knee joint line between femoral and tibial cartilage during flexion 
and extension. 

For series III, arthroscopic partial resection of the posterior horns of 
the medial and lateral menisci was performed using a punch (Fig. 5). At- 
tention was paid to establish a smooth, curved, stable rim. 

After finishing the 48 h cyclic loading, ligaments and capsular struc- 
tures were dissected and cartilage inspected. This included assessment 
and photodocumentation of the cartilage destruction according to Outer- 
bridge (1961). Examination samples were preserved in 5% formalin solu- 
tion for histology by light microscopy. Specimens were prepared for scan- 
ning electron microscope (SEM) analysis by soaking in 2.5% glutaralde- 
hyde for at least 24 h and then in distilled water for another 24 h. Next, 
dehydration was performed using an increasing alcohol series. Then an 
increasing freon series was used before a final gold and coal application 
in vacuo. 




Fig. 4. Type of flap lesion at medial and lateral meniscus 




Fig. 5. Arthroscopic partial meniscal resection 
using three portals 
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Results 

Immediately after testing gross differences could be seen macroscopically 
when dissecting the knees. The femoral condyles of the knees in series 
III showed severe destruction of at least Outerbridge grade III (Outer- 
bridge 1961). In three knees grade IV changes were present, with bare 
bone lacking any cartilage coverage at certain spots. In contrast, in series 
I and II there was only mild cartilage alteration (Outerbridge Grade I, 
1961). In one knee of series II, grade II was noticed. Overall there were 
no remarkable differences in the articular cartilage between the series 
with normal knee structures and those with mobile flap tears of the pos- 
terior meniscal horns after 48 h permanent cyclic moving and load bear- 
ing. In all six series III knees, we showed the presence of severe cartilage 
damage, mostly in the area that is in contact with the tibial plateau in 
about 40-60° flexion (Figs. 6-11). 









r~] Outerbridge Grad I 
H Outerbridge Grad II 



I Outerbridge Grad III 
I Outerbridge Grad IV 



Fig. 6. Series I 48 h after testing. Local- 
ization and degree of chondromalacic 
changes according to Outerbridge (1961) 
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Fig. 7. Series II 48 h after testing. Local- 

■ Outerbridge Grad III ization and degree of chondromalacic 

■ Outerbridge Grad IV changes according to Outerbridge (1961) 



Histologic and SEM examination confirmed the macroscopic findings 
of severe damage in series III with the roughened joint surface. We saw 
bare cartilage fibers and the start of fibrillation at isolated spots in series 
II. In all knees the surrounding cartilage showed regular structure, chon- 
drocyte distribution and nutritional supply. 

During testing the roll-glide mechanism of group III changed. After 
about 12 h a remarkable translation motion between femur and tibia in 
those knees could be noticed, demonstrating instability. Correspondingly 
axial force transmission changed significantly compared to series I and 
II. After 24 h, the maximum force was diminished in series III, down to 
46%. In series I and II the decrease was only 11% and 9%, respectively. A 
translational instability of these series was not detected. 




144 J. Grifka et al. 









O Outerbridge Grad I 
W Outerbridge Grad II 



Fig. 8. Series III 48 h after testing. Local- 

■ Outerbridge Grad III jzation and degree of chondromalacic 

■ Outerbridge Grad IV changes according to Outerbridge (1961) 




Fig. 9. Example of a specimen from series I (knee No. 1-2) with original meniscal situation 
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Fig. 10. Example of a specimen from series II 
(knee No. 11-5) with mobile meniscal flap lesion 
medially and laterally 



Fig. 11. Example of a specimen from series III 
(knee No. III-4) after partial meniscectomy of 
the posterior horns medially and laterally 
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Discussion 

Induction of cartilage destruction after arthroscopically performed par- 
tial meniscus resection is not generally accepted. With the minimal inva- 
sive procedure and exact meniscal resection restoring a smooth and 
stable rim, we try to save meniscal function in stress distribution and 
knee motion. We evaluated the biomechanical risk of cartilage destruc- 
tion following this intervention using a standardized test comparing par- 
tial resection and mobile flap tears with a control group with intact and 
regular cartilage. The biomechanical knee joint simulator designed by 
Stallforth and Ungethiim (1977) is a recognized tool for testing knee en- 
doprostheses. Our special adjustments for human specimens include ad- 
ditional pressure registration at the bony shafts of the tibial and femoral 
fixation to calculate pressures in the knee and enables continuous control 
of forces while testing during 48 h. Strain causing unphysiologic stresses 
during flexion and extension was excluded due to the completely free mo- 
tion of the knees in all six degrees of freedom. This allows motion pat- 
tern as determined by the bony contours and ligamentous structures. 

To imitate a physiological bearing a gait-cycle with maximal compressive 
force of 2000 N was programmed. This load is above the forces calculated by 
Lindgren and Seireg (1989) using a computer model. We did not consider 
force moments of different muscles, but only the total amount of load di- 
rectly on the knee joint. Excluding the complex mechanisms of physiolog- 
ical action between agonists and antagonists, we noted a major change of 
the role-glide mechanism during gait-cycle in group III after partial menis- 
cus resection. This was accompanied by a significant reduction of force 
transmission and a visible translation in antero-postero shifting. Noble 
and Erat (1980) and Shoemaker and Markolf (1986) reported the same phe- 
nomenon of disturbed roll-gliding mechanism with abrupt displacement of 
the contact areas after meniscectomy. Rangger et al. (1994) assumed that an 
anterior and medial knee instability is caused by partial meniscus resec- 
tion, although ligaments themselves are stable. Our study proves that the 
stabilizing function of the meniscus is also diminished in cases of partial 
meniscus resection in absence of the stabilizing muscle function. 

Histologic and SEM analysis demonstrate that the local cartilage damage 
is not due to general changes such as softening or nutritional disturbance. 
This supports the hypothesis of pure mechanical abuse. Specimens with 
intact menisci or even mobile flap tears show an unchanged load transmis- 
sion but a roll-gliding mechanism reduction of the stabilizing and load dis- 
tributing function of the meniscus. This was probably due to the lack of 
additional active muscular stabilization compensating at least partly for 
the deficit. This corresponds to the work of Markolf et al. (1981) who 
found a ten times increased joint stability due to muscle contraction in lig- 
amentous unstable knees. 




Cartilage Destruction of the Knee Due to Partial Meniscal Resection 147 



Conclusion 

The characteristic change of load distribution and disturbance of the 
roll-gliding mechanism even after partial meniscal resection in our bio- 
mechanical investigation demonstrates the importance of muscular stabi- 
lization in preventing or at least reducing cartilage destruction. This may 
also explain different outcomes after arthroscopic partial menisectomy in 
patients, depending on the amount of meniscus resected. Some of the 
poor results can be explained by inadequate muscular rehabilitation. The 
minor cartilage alterations in group 11 and the normal motion underlines 
the importance of the instability seen in group III. Of course, meniscus 
tears have to be resected due to pain and possible cartilage damage over 
a longer period of time. 
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Meniscus Replacement and Osteoarthrosis 



D. Lazovic 



Introduction 

After Broadhurst first described the meniscectomy in 1866, total resection 
of the meniscus was used for all meniscal lesions (Wirth et al. 1988). 
Even in 1978 Smilie proposed this as the therapy of choice, although 
more understanding of meniscal functions followed (Smilie 1978). 
McGinty demonstrated the advantages of a partial resection in a large 
study in 1977 (McGinty et al. 1977). Trying to preserve as much menis- 
cus tissue as possible logically led to the concept of meniscal repair 
(Wirth 1981). This is now the current thinking. 

Understanding the multiple functions of the meniscus and the neces- 
sity for preservation, another possible avenue of exploration was to re- 
place the meniscus after its total loss by injury or previous operation. 
Homologous transplants, prostheses or tendinous substitutes have been 
tried (Milachowski et al. 1987; Toyonaga et al. 1983; Kohn 1989). 



Functions of the Meniscus 

The main function of the meniscus seems to be load transmission (Fair- 
bank 1948; Seedhom and Hargreaves 1979) and, associated with this, 
shock absorption (Voloshin and Wosk 1983). The meniscus plays an im- 
portant role in knee joint stabilization especially with loss of the anterior 
cruciate ligament (Hsieh and Walker 1976). Other functions are lubrica- 
tion of the joint and nutrition of the cartilage (McConaill 1932; Webber 
et al. 1986). All this results in the meniscus playing a major role in the 
prevention of knee joint osteoarthritis (Fairbank 1948). 

The meniscus distributes load to a larger area. Load transmission 
mainly takes place in the medial and dorsal meniscus-covered area and 
moves further back with knee flexion (Fukabayshi and Kurosawa 1980; 
Kettelkamp and Jacobs 1972; Krause et al. 1976; Kurosawa et al. 1980; 
Shrive et al. 1978; Walker and Erkmann 1975). The axial load is trans- 
formed to circular hoop stress in order to relieve the strain on the tibial 
surface (Kummer 1994; Shrive et al. 1978) (Fig. la). 
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Fig. 1. a The meniscus transforms the load to circumferential forces 
(F), which are transmitted to the anterior and posterior attachments 
(arrows). The direction of forces is approximately perpendicular to the 
radius of a virtual center of the knee (0). b The meniscus takes up 
forces perpendicular to its surface and distributes them to axial forces 
on the tibial plateau and centrifugal forces, that push the meniscus 
peripherally 



The resulting forces of the femoral condyle are inclined to the tibia but 
perpendicular to the meniscal surface. These forces can be divided into 
vectors vertical and parallel to the tibia, the latter pushing the meniscus 
peripherally out of the joint (Fig. lb). This is counteracted by the circu- 
lar located fibrous structures and the ligamentous insertions of the me- 
niscus (Shrive et al. 1978). An intact circular structure therefore seems to 
be the condition for perfect function of the meniscus as a load transmit- 
ter (Kohn 1989; Kummer 1994; Mow et al. 1992; Shrive et al. 1978). Par- 
tial or total meniscectomy allows up to threefold an increase in peak 
stresses (Krause et al. 1976; Kurosawa et al. 1980; Shrive et al. 1978). 

Shock-absorption is supported by the biphasic properties of the me- 
niscus, taking in water unloaded and relieving it under load (Zhu et al. 
1994). Shock-absorption is 20% greater with an intact meniscus than in 
knees without (Hoshino and Wallace 1989; Voloshin and Wosk 1983). 

Stabilization of the knee joint is primarily provided by the ligaments, 
but the meniscus acts as a secondary stabilizer. Loss of the medial menis- 
cus does not increase antero-posterior motion, but will still lead to an 
anterior and medial instability with time (Rangger et al. 1994; Sonne- 
Holm et al. 1981). In knees deficient in the anterior cruciate ligament, the 
amount of instability will be one third higher with medial meniscectomy 
(Hsieh and Walker 1976; Levy et al. 1982). Instability could also be due to 
a vacuum effect because the thin fluid film between the meniscus and the 
joint surface causes adhesion forces that are reduced even with slight in- 
congruency. Meniscectomy has been shown to disturb proprioception 
(Muller 1994). 

Osteoarthrosis is the main consequence of loss of the meniscal func- 
tions and is directly related to the amount of meniscal tissue removed 
(Cox et al. 1975; Fairbank 1948). 




150 D. Lazovic 



Meniscus Replacement 

In spite of attempts to preserve or reconstruct the torn meniscus, there 
are still some indications for total meniscectomy. In these knees, which 
usually have multiple pathology, a meniscus replacement is necessary. 

Three different techniques for meniscal replacement have been investi- 
gated: 

1. Allografts (Milachowski et al. 1987; Van Arkel and De Boer 1995; Ver- 
donk et al. 1994) 

2. Autografts (Kohn 1989) 

3. Prosthesis (Kenny et al. 1983; Messner 1994; Stone et al. 1990; Toyona- 
ga et al. 1983). 

Allografts and autografts have been used in clinical trials with differing 
results (Milachowski et al.; Van Arkel and De Boer 1995; Verdonk et al. 
1994). Prostheses are mainly used in animal experiments, but the first se- 
ries with a collagen scaffold is now under investigation (Messner 1994; 
Sommerlath and Gillquist 1992; Stone et al. 1992; Toyonaka et al. 1983). 
The mechanical properties of the graft have the best results in allogenic 
transplants (Sommerlath and Gillquist 1992). But in all meniscus replace- 
ments there are still some disadvantages: the allogenic transplant has to 
be sterilised to avoid viral transmission (especially HIV), and autologous 
tissue lacks mechanical properties as do prostheses (Kohn 1989; Sommer- 
lath and Gillquist 1992). 

For all replacements the effect of incongruity or an isometric place- 
ment on the cartilage is unknown. The following questions need to be 
answered: 

1. What happens if the load transmission is altered by the incongruous 
surfaces of meniscal grafts? 

2. Does it disturb the transmission of axial load to centrifugal forces 
(Fig. 2 a)? 

3. Does the malpositioning of the ligamentous insertions disturb the 
transformation of load into hoop stresses (Fig. 2 b)? 



Methods 

We used an experimental animal study to investigate the effects of incon- 
gruency or anisometricity of meniscal grafts on the knee joint cartilage. 
Operations were performed on 30 knees of fully grown Black-Head sheep. 
They were randomly divided into five groups (Table 1). 
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Fig. 2. a A displacement of the tibial attachments of the meniscus can 
lead to an altered load transmission despite an anatomical correct posi- 
tion of the meniscal body itself, b An incongruity of the meniscal sur- 
faces can lead to altered force (F) distribution in the meniscus and 
therefore change the load transmission. 0, virtual center of the knee 



Table 1. Study groups 



Group Surgical Tecbnique 


Number of knees 


1 Non-operated 


S 


2 Sham-operation 


5 


3 Total medial meniscectomy 


10 


4 Incongruous graft 


5 


5 Anisometric graft 


5 



Study Groups 

The study groups consisted of three control and two test groups. For con- 
trol we used the following: 

1. five non-operated knees; 

2. five sham-operated knees. In this group a standardized medial 
approach was used. The joint was opened medially with detachment of 
the medial collateral ligament, which was refixed after the intraarticu- 
lar procedure by a cancellous screw. In this group the medial meniscus 
was totally dissected from the capsule and refixed in place. This pro- 
vided us with data on the effect of the operative approach, which 
could itself lead to cartilage alterations caused by instability due to the 
detachment of the medial collateral ligament or by meniscal changes 
due to disturbed blood supply (Jackson et al. 1992) (Fig. 3 a). 

3. Ten meniscectomised knees. This provided data on osteoarthritis in- 
duced by total medial meniscectomy that had to be improved by me- 
niscus grafts in the other groups. 
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Fig. 3. a The sham-operation. The meniscus was totally dissected from the capsule and then refixed 
in place with four absorbable sutures. The mechanical functions of the attachments remained un- 
changed {red line, line of dissection), b The incongruity operation. After a total meniscectomy the me- 
niscus of the contralateral knee was implanted with regard to the correct anatomical insertions. The 
meniscal ligaments were reattached through tibial bone tunnels. This resulted in unchanged shape 
and position of the meniscus, just creating an incongruity of the surfaces, c The anisometric opera- 
tion. After total meniscectomy the meniscus was replaced anatomically with displaced drill holes for 
the anterior and posterior attachments. This created anisometric conditions (red, anatomic position of 
anterior and posterior ligamentous insertion) 



The operative technique of the test groups should lead to an incongru- 
ous or to an anisometric meniscus replacement. 

4. Five knees with an incongruous meniscus. With the standardized me- 
dial approach the medial meniscus was totally dissected. The medial 
meniscus of the contra-lateral side was implanted using the original in- 
sertion points without displacement and refixed to the capsule with 
four absorbable sutures. The ligamentous attachments of the anterior 
and posterior horn were refixed by transosseous anchoring sutures 
through drill holes, placed with an aiming device. Using this technique 
with the contra-lateral meniscus, we had a graft with the symmetric 
proportions of the original meniscus, not changing the circumferential 
tension. Length, curvature and thickness were the same. Only the sur- 
faces were exchanged from the femoral condyle to the tibial plateau; 
thus creating an incongruency (Fig. 3 b). 
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5. Five knees with anisometric placement of the anterior and posterior 
meniscal insertions. Again using the standardized medial approach the 
medial meniscus was totally dissected. Afterwards it was refixed with 
the meniscus body remaining in place but the anterior and posterior 
ligaments were refixed through anchoring drill holes displaced ante- 
riorly or posteriorly to the original insertions. This was feasible as the 
anterior and posterior attachment ligaments of the meniscus were 4- 
6 mm, which allowed transposition of the attachments without move- 
ment of the body. The meniscus body itself was refixed with four ab- 
sorbable sutures. This led to a congruous meniscus, unchanged in po- 
sition, but with a diversion of the hoop stresses and diminished circu- 
lar tension (Fig. 3 c). 



Evaluation 

After 24 weeks the knee joint was retrieved and cartilage alterations were 
evaluated by microscopic and macroscopic criteria. For evaluation, all 
knees were photographed with a scale after retrieval. The surface size 
and insertion places were measured by digital analysis software (Optimas 
5.0). Gross examination of the meniscus and the underlying cartilage was 
graded as described by Jackson et al. (1992) (Table 2). For histological 
evaluation of the cartilage, biopsy samples (3 mmxl5 mm) were taken at 
standard locations corresponding to the anterior, midle and posterior 
parts of the meniscus. They were fixed, decalcified and stained with Sa- 
franin-0 fast green iron (SOFG), which is an acknowledged standardized 
technique for evaluation of osteoarthritis (Mankin 1971). It assesses the 
cartilage degeneration by changes in the cartilage structure, cell changes, 
reaction to SOFG staining and integrity of the tidemark (Table 3). The 
data were analysed with the non-parametric Mann and Whitney U-test. 



Table 2. Criteria for morphologic assessment of cartilage changes according to Jackson et al. (1992) 
Grade Morphologic appearance 



1 Intact surfacCn color changes or loss of cartilagen no bone exposition 

2 Surface fibrillation or loss of cartilage, no tx>ne exposition 

3 Less than 10% of bone exposition in given region 

4 More than 10% of bone exposition, fragmentation of cartilage around the lesion 
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Table 3. Criteria for histologic assessment of cartilage changes according to Mankin et al. (1971) 



1. 


Structure 


Grade 


a 


Normal 


0 


b 


Surface irregularities 


1 


c 


Pannus and surface irregularities 


2 


d 


Clefts to transitional zone 


3 


e 


Clefts to radial zone 


4 


f 


Clefts to calcified zone 


5 


g 


Complete disorganization 


6 


2. 


Cells 


Grade 


a 


Normal 


1 


b 


Diffuse hypercellularity 


2 


c 


Cloning 


3 


d 


Hypocellularity 


4 


3. 


Safranin-0 staining 


Grade 


a 


Normal 


0 


b 


Slight reduction 


1 


c 


Moderate reduction 


2 


d 


Severe reduction 


3 


e 


No dye noted 


4 


4. 


Tidemark integrity 


Grade 


a 


Intact 


0 


b 


Crossed by blood vessels 


1 



Results 

Meniscus Morphology 

No changes were seen in the untreated group 1. On average the medial me- 
niscus covered an area of 3.97 cm^, that is 53% of the medial tibial plateau. 

In the sham-operated group 2 all menisci healed to the capsule. Only 
one meniscus showed slight irregularities in the mid portion. All the 
others were unchanged. The average area covered was 4.07 cm^ (55%). 

In group 3, the medial meniscectomy group, three meniscus-like regen- 
erative structures were seen, one of them reaching an area of 3.33 cm^, 
but mainly much smaller or without rebuild tissue. The mean coverage 
was 22% of the medial tibial plateau. 

In group 4, where the menisci were incongruous, changes were ob- 
vious. The menisci had superficial irregularities and revealed changes in 
color. But no ruptures or dislocations occurred. The shape adapted to the 
femoral and tibial surfaces, so that it was flat to the tibial plateau and 
concave to the femoral condyle. The mean covered area of 4.70 cm^ 
(51%) resembled that of an intact meniscus. 
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Fig. 4. Example of a meniscus of the aniso- 
metric group. Most menisci suffered substantial 
loss, but none was displaced or disrupted 



In group 5 with an anisometric attachment of the menisci, the worst 
changes were seen. The menisci showed substantial loss, covering on 
average an area of only 40% (3.34 cm^), but no disruption or dislocation 
of the attachments was seen (Fig. 4). 



Tibial Morphology 

In group 1, as expected no changes were seen. All cartilage surfaces seemed 
smooth and undamaged so they were graded as 0 according to Jackson. 

In group 2, the sham operation showed only a color change of the car- 
tilage, but no fibrillation and was graded with a mean of 0.5. 

In group 3, the meniscectomy led to intense damage with fibrillation 
and even cartilage loss to the bone. Osteophytes were formed. The degree 
of degeneration was 1.7. 

Color changes and fibrillation, but no cartilage loss were seen in group 
4, with incongruous meniscal transplants. The average grade of changes 
was 1.3 (Fig. 5). 

Severe damage to the cartilage was seen in group 5. The menisci with 
displaced attachments had caused fibrillation and major cartilage loss, 
graded 2.6 (Fig. 6). 

No differences were seen in the non-operated and the sham-operated 
knees. The results of the morphologic assessment of all other groups 
were significantly different from these two. The meniscectomy group was 
slightly inferior compared to the incongruous meniscus group but better 
than the group with displaced attachments. However, these differences 
were not statistically significant (Fig. 7, Table 4). 
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Fig. 5. Example of tibial plateau changes after 
incongruous meniscus replacement 




Using the digital analysis program we were able to measure the cover- 
age of the tibial plateau by the meniscus and the exact amount of dis- 
placement of the anterior and posterior insertion points of the menisci 
(Table 5). With a very low standard deviation the anterior insertion was 
displaced by 8.6 mm and the posterior insertion by 11.2 mm (Table 5). 
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Cartilage Changes 

Morphologic Assessment 




Fig. 7. Data of the morphologic assessment, group 1, Non-operated knees; group 2, sham-operated 
knees; group 3, meniscectomised knees; group 4, knees with an incongruous meniscal graft; group 5, 
knees with an anisometric meniscal graft. Grading according to Jackson et al. (1992) 



Table 4. Overall results for morphologic and histologic assessment of tibial cartilage changes 



Group 


Treatment 


Morphologic 

grading 


Ifistologic 

grading 


1 


Non-operated 


0 


0.7 


2 


Sham-operated 


0,46 


0.6 


3 


Meniscectomy 


2.2 


6,0 


4 


Incongruous meniscus 


2.0 


4.1 


5 


Anisometric meniscus 


2.6 


B.0 



Table 5. Data from the digital image analysis for the coverage of the tibial plateau by the meniscus 



Group 


Tibial piateau 
1cm*} 


Meniscus 

(cm*) 


Coverage 

(%) 


1 


7.48 


3.97 


53% 


2 


735 


4.04 


55% 


3 


8.91 


1.95 


22% 


4 


8.99 


4.60 


51% 


5 


8.40 


3,34 


40% 
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Tibial Histology 

As expected, no general degenerative changes were observed in the non- 
operated group 1. The grading of 0.7 according to Mankin (1971) was 
ascribed to natural causes. The sham-operated knees of group 2 again 
showed post-surgical changes graded 0.6. 

A high grading of 6 for the medial tibial compartment was seen in the 
medial meniscectomised knees of group 3. The incongruously trans- 
planted menisci of group 4 led to cartilage degeneration of the medial ti- 
bial plateau, which was graded 4.1. Again, the highest degree of cartilage 
damage was reached with an average of 8.0 in group 5 with displaced in- 
sertions of the anterior and posterior horns of the menisci (Fig. 8). 

Comparing the groups, nearly identical grading was seen for the non- 
and the sham-operated groups. The operated knees showed an order of 
degenerative changes. Lowest changes were found in the incongruous 
group 4, higher in the meniscectomised group 3 and the highest in the 
group 5 with displaced attachments of the meniscus (Fig. 9). These differ- 
ences were statistically significant. 

The operative approach seemed to have little influence on cartilage 
damage and the meniscus did not seem to suffer from capsular dissec- 
tion and refixation. The use of an incongruous meniscus as a transplant 




Fig. 8. Example of histological changes of 
the tibial cartilage after anisometric meniscus 
replacement 
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Cartilage Changes 

Histologic Assessmont 




Fig. 9. Histologic assessment, group 7, Non-operated knees; group 2, sham-operated knees; group 3, 
meniscectomised knees; group 4, knees with an incongruous meniscal graft; group 5, knees with an 
anisometric meniscal graft. Grading according to Mankin et al. (1971) 



led to osteoarthritic changes but had still some chondroprotective effect 
compared to meniscectomy. The use of a meniscus suitable in size and 
shape but not attached to the isometric insertion points will lead to an 
even worse osteoarthritis than a total meniscectomy. 



Discussion 

Meniscus replacement can be done with autogenous tissue, allogenic 
transplants and alloplastic prostheses. Although all have been used clini- 
cally, indications and operative techniques vary for these materials (Ar- 
noczky and Milachowski 1990; Jackson et al. 1992; Kohn 1989; Mila- 
chowski et al. 1988; Milachowski et al. 1989; Sommerlath and Gillquist 
1992). The suggested indications are: total loss of meniscus in the young- 
er patient, destroyed medial meniscus with loss of the anterior cruciate 
ligament, varus gonarthritis grade I and marked varus gonarthritis of 
older patients (Arnoczky and Milachowski 1990; Milachowski et al. 1988; 
Stone et al. 1990; Van Arkel and De Boer 1995; Verdonk et al. 1994; 
Wirth et al. 1988; Zukor et al. 1990). Various operative techniques have 
been used: replacement only of the meniscal body with suture fixation at 
the capsule, suture fixation at still available anterior and posterior inser- 
tion ligaments, fixation of the anterior and posterior ligament with bone 
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blocks of different kinds, and even transplantation of the meniscus with 
the underlying tibial plateau. 

The aim of the replacement is prevention or delay of osteoarthritis. 
Function of the meniscus seems to be dependent on exact adjustment to 
the anatomical conditions regarding material, size and fixation. No agree- 
ment can be found on the material with the best properties and lowest 
risk (Messner 1994). Selection of a transplant by determining the size by 
magnetic resonance imaging seems meaningful but is still experimental 
(Arnoczky and Milachowski 1990). Not much is known about ideal place- 
ment and fixation (Kohn and Moreno 1994). 

Meniscectomy leads to osteoarthritis, but it has not been proven that 
meniscus replacement prevents it (Jackson et al. 1992; Moon, et al. 1988; 
Sommerlath and Gillquist 1992). Investigations rely on clinical experi- 
ence. Experimental studies concentrate more on the effect on the menis- 
cus itself (Arnoczky et al. 1990; Canham and Stanish 1986; Kohn 1989; 
Milachowski et al. 1987; Milachowski et al. 1989; Shelton and Dukes 1994; 
Sommerlath and Gillquist 1992; Van Arkel and De Boer 1995; Verdonk et 
al. 1994; Wirth et al. 1988). 

Thus, in our study we concentrated on the effects of incongruency and 
displaced insertion in the tibial cartilage. Our control groups gave us the 
basic data for comparison with the test groups. The operative approach 
did not affect the tibial cartilage insignificantly. The medial meniscus 
healed to the capsule in all cases and showed no degenerative changes. 
No dislocation occurred in spite of the minimal refixation to the capsule 
with only four absorbable sutures. The attachment to the anterior and 
posterior insertion was probably more important than the capsular at- 
tachment. It seemed that the operative approach did influence the carti- 
lage but did not damage it. As the approach was standardized for all 
other procedures, we were able to compare their data with our control 
group 2. 

The medial meniscectomy was the model that had to be improved by 
meniscus replacement. As expected it showed a high amount of osteoar- 
thritis in macroscopic and microscopic assessment. Although regenerative 
tissue formed, which could gain size and some macroscopic aspects of an 
intact meniscus, it could not prevent osteoarthritic changes. This substi- 
tute could not restore meniscal function. The grade of osteoarthritis was 
independent of its size. 

In our test group 4, with incongruous meniscus transplants, significant 
osteoarthritis occurred, but it was still less than in the meniscectomised 
group. To transform axial load into circumferential stresses, the femoral 
condyle and tibial plateau has to have contact with the meniscus to trans- 
mit pressure (Fairbank 1948; Kohn 1989). We investigated whether incon- 
gruency of the meniscus has an influence on the cartilage. The operative 
technique provided anatomical positioning of the anterior and posterior 
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insertions. The hoop stresses should remain unchanged. Still osteoarthri- 
tis occurred. Explanations could be that the incongruency had a negative 
effect on lubrication and nutrition. Also, it is known that the mechanical 
properties of the meniscus vary within itself (Zhu et al. 1994). Probably 
the load transmission could not work to the necessary degree of sophisti- 
cation. Other authors have reported on lengthening of the ligamentous 
insertions, which could affect the isotonic conditions of load transmis- 
sion (Gao and Messner 1996). Still the influence of incongruency is low. 
Taking size, volume and anatomical isotonic positioning of the insertions 
into account, it can obviously meet the requirements of load transmission 
and transformation. Compared with total medial meniscectomy, it pre- 
vented osteoarthritis. 

In meniscus transplantation the correct placement for anterior and pos- 
terior insertions has to be selected. As little is known about the ideal local- 
ization of the insertions, it seems likely that isotonic conditions are not re- 
producible. We investigated this in group 5 by choosing non-anatomical 
insertions. This led to the worst osteoarthritic changes in our study. The 
meniscus seems to get mechanically destroyed; thus, creating more forces 
on the tibial plateau rather than protecting it. The results suggest that dis- 
placement of the anterior and posterior attachments decreases the ability of 
the meniscus to transform axial load to circumferential hoop stress. The 
mere volume of the meniscus body interposing between femoral condyle 
and tibial plateau has no preventing effect on osteoarthritis. This could 
be expected as Seedhom and Hargreaves had already stated in 1979 that a 
stable and elastic attachment is necessary to transform vertical forces into 
circular tension and an elongation will lead to a dysfunction of the menis- 
cus (Seedhom and Hargreaves 1979). The importance of the insertion 
placement for meniscus replacement of all kinds was pointed out by Kohn 
(1989). Our study shows that a meniscus transplant whose insertions are 
displaced will lead to even more cartilage destruction than total meniscect- 
omy despite being of ideal size and shape. 



Conclusions 

Meniscal replacement could prevent or delay osteoarthritis in a meniscus 
deficient knee. Of critical importance for achieving this aim is the recon- 
struction of the meniscal functions. The main requirement is the ability 
to transform the axial load to circumferential stress. Our study suggests 
that isometric positioning of the meniscal attachments is as important 
for the meniscal function as it is for the anterior cruciate in ligament recon- 
struction. Neglecting this, a meniscus replacement will lead to more os- 
teoarthritis than a total meniscectomy. Incongruency of the replacement 
seems of less importance as long as the insertions are chosen correctly. 
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1. Meniscus replacements can re-establish load distribution (Paletta et al. 
1997). 

2. The insertions are essential for load distribution (Seedhom and Har- 
greaves 1979). 

3. Non-anatomic insertions induce osteoarthritis. 

4. Congruity is less important than insertion position. 

5. An isometric and congruous meniscal graft will prevent or delay os- 
teoarthritis. 
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Evaluation of Arthroscopic Techniques and Osteotomies 
in Gonarthritis 

W. Schultz 



Introduction 

Surgical treatment of gonarthrosis is multifaceted and must thus involve a 
reference to its limited effectiveness (Hackenbroch 1984). We must differ- 
entiate between intra- and extraarticular measures that can be variably 
combined, depending on the indication. The effectiveness of these interven- 
tions should therefore be classified into either mechanical or biological. 



Intraarticular Techniques 

Aims, Actions, Indications, Evaluation 

The primary focus of intraarticular intervention should be directed at 
improving the mechanical conditions of the rolling-sliding movement of 
the knee joint. One effect that cannot be fully calculated is the produc- 
tion of replacement tissue by opening the subchondral cavity. The follow- 
ing sections compare the various techniques. 



Debridement or Housecleaning 

Cartilage smoothing is a key therapeutic principle in the surgical treat- 
ment of arthrosis. The effect involves an improvement in the rolling-slid- 
ing mechanism as well as the lavage effect. The latter favorably influences 
detritus synovialitis. Debridement can be used in all stages of arthrotic 
degeneration and is particularly effective in the acute phase. 



Debridement plus Drilling 

Drilling is designed to promote the formation of granulation tissue from 
the medullary canal. This tissue can differentiate into fibrous cartilage 
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based on the principle of articular movement under minimum stress. Pri- 
die (1951) used drill holes with a diameter of 6 mm; today generally we 
use a diameter of 2 mm. Advanced arthrosis grades II and III are pre- 
ferred indications for this technique. 



Debridement plus Abrasion Arthroplasty 

The original technique was described by Johnson (1986). Reaming goes 
to a depth of 1-2 mm into the boundary layer; a few years later (1992) he 
changed his technique. Now the working on the bone surface was more 
symmetrical and more superficial than before. In this region, vasculariza- 
tion of the cortical bone over the cancellous layer should be good. This 
facilitates effective repair of the cartilaginous tissue. This technique can 
only be used in arthrosis grades III and IV, i.e. in largely exposed sub- 
chondral bone. 

By opening the medullary canal (drilling) or by activating the vessels 
in the tide mark (abrasion arthroplasty), replacement tissue can be pro- 
duced and the areas of limited cartilaginous defects filled in with fibro- 
cartilaginous tissue. The disadvantages of this surgical method are that 
the joint must be kept immobilized longer, the incidence of postoperative 
bleeding is greater and larger defects are more likely to be filled incom- 
pletely. 

Clinically, there is no statistical difference between the effects of dril- 
ling and abrasion arthroplasty (Schultz 1993). The use of these techni- 
ques alone is only justified on joints with correct alignment (Wagner 
1976; Klein 1981). 



Extraarticular Techniques 

Aims, Actions, Indications, Evaluation 

The stated aim of corrective osteotomies is to create the most optimal an- 
atomical axial circumstance. Remaining axial defects involve prearthrotic 
deformities. 



Tibial or Supracondylar Femoral Osteotomies 

Axial malalignments can be corrected on the tibial side or on the proximal 
femur. The localization of the osteotomy depends on the alignment of the 
articular surface in the frontal plane, since the aim is not only to eliminate 
the axial defect, but also to attempt to align the joint surface horizontally. 
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Osteotomy is associated with an improvement in the biomechanical 
and the arthrobiological situations. 



Biomechanics 

Some of the beneficial effects of periarticular osteotomies are attributable 
to an improvement in congruency and a tightening of the ligamentous 
apparatus, a reduction in pathological pressure points in the joint, an im- 
provement in articular guidance and normalization of cartilage metabo- 
lism (Hackenbroch 1982). 



Arthrobiological 

Other effects of osteotomy are due to the opening of medullary canals, 
whereby the elevated intramedullary pressure drops and the venous cir- 
culation improves (Trueta 1968). The condition of the joint is decisive in 
establishing the indication for osteotomy. The various types of pain 
(resting or exercise-related pain) are substantially improved by osteo- 
tomy. The pain is perceived as radiating out of the joint, over the joint 
capsule as well as over the medullary canal of the bone. Closely related 
interactions between the joint capsule and the subchondral bone have 
been reported (Willert and Otte 1979). The causes for bone pain, induced 
by medullary hyperemia and vasodilatation and the associated compres- 
sion of intraosseous nerve fibers can be correlated with microcirculatory 
congestion in the sinusoids of the medullary canal observed in arthrosis. 

Exercise-stable osteosynthesis is essential for continuous passive mo- 
tion, which in turn exploits the advantages of the cartilaginous regenera- 
tion achieved by these methods (Salter 1986). The disadvantages of osteo- 
tomies involve the week-long immobilization of the joint and the poten- 
tial for nerve lesions, particularly in the case of valgus tibial osteotomies. 



Combination of Intra- plus Extraartkular Intervention 

Functional disorders of the joint are common in arthrosis and are fre- 
quently a manifestation of disturbances of intraarticular structures, neu- 
rophysiological dysregulation or even muscular imbalances (Beyer et al. 
1990). If clinical examination of a knee joint presenting with axial mal- 
alignment reveals symptoms that point to additional damage with lock- 
ing (meniscus, loose bodies) or extension deficits of the joint due to os- 
teophyte formation in the cruciate ligament fossa or the anterior tibia, we 
have a clear indication for a combined intervention. By using the combi- 
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nation of intraarticular plus extraarticular intervention (osteotomy), the 
positive effects of the individual surgical steps become additive. In many 
cases, joint mobility can be improved immensely by targeted removal of 
osteophytes, whereby the indication for a joint-preserving intervention 
can be established at another time. Widespread use of arthroscopic tech- 
niques might help lower the risks of surgery. 



Results 

Published evaluations of the intraarticular measures performed in pa- 
tients with arthrosis differ, ranging from enthusiastic reports (Rose et al. 
1990) through critically positive (Rosenthal et al. 1988; Jennings 1990) to 
critical and even critically negative appraisals (Grifka 1993; Boe and Han- 
sen 1990). With proper diagnosis, good and satisfactory long-term out- 
comes have been achieved in a large number of patients with varus or 
valgus malalignment of the knee joint. Reports on the results achieved 
with valgus proximal tibial osteotomy are particularly abundant in the lit- 
erature. The middle-and long-terms results of the osteotomies are shown 
in Tables 1 and 2. 



Table 1. Results of tibial osteotomies 



Author 


Year 


Time of 
investigation 


Number of 
osteotomies 


Results very 
good\ 90 od\satisfactory 


Hernigou 


1987 


5 years 


93 


90% 


Klein ert 


1985 


6 years 


101 


75-85% 


Rosen kranz 


1986 


6 years 


288 


74% 


Trager 


1989 


7 years 


34 


59% 


Wagner 


1985 


5-9 years 


45 


82% 


Eyb 


1988 


75 years 


74 


57% 


Bettin 


1994 


8.5 years 


121 


80% 


Schmitt E 


1987 


8.8 yea 5 


330 


79.2% 


Coventry/Bowman 


1982 


10 years 


230 


62% 


Jenny 


1985 


10 years 


106 


87% 


Fuchs 


1994 


10.7 years 


102 


75.81% 


Hernigou 


1987 


11.5 years 


93 


45% 


Heppt 


1990 


11,9 years 


91 


52% 


Augstbufger 


1990 


13.25 years 


62 


70% 


Schreiber 


1986 


15 years 


78 


52% 


Wagner 


1985 


10-17 years 


47 


81% 
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Table 2. Results of supracondylar osteotomies 



Author 


Year 


Trme of 
investigation 


Number of 
osteotomies 


Results very 
g ood\good\sati sfactory 


Schmitt E 


1987 


4.2 years 


51 


70.6% 


Wagner 


1985 


5-9 years 


32 


81% 


Wagner 


1985 


10^17 years 


31 


77% 


Trager 


1989 


1 3 years 


25 


80% 


Legal 


1987 


14 years 


29 


75-80% 



Combined Procedure 

It is possible to combine arthroscopic debridement with osteotomy and 
either varus or valgus correcting procedures. When the combined proce- 
dure is performed at one sitting, the joint debridement is performed first, 
followed by osteotomy. 

Singular reports advocating the combination of extraarticular osteo- 
tomy plus intraarticular interventions were published back in the days of 
arthrotomy (Macintosh and Welsh 1977; Psczolla and Groeneveld 1984), 
with no higher risk being shown to result from the additional articular 
interventions. 

But there is no uniform opinion about this. Some of the surgeons can- 
not do without the intraarticular procedure on principle (Schlegel et al. 
1987), while others are looking for clinical symptoms first and operating 
on the joint when they think it seems to be necessary (Mittelmeier et al. 
1990). On the other side there are surgeons doing an initial arthroscopy 
before osteotomy. Their plans are to establish the diagnosis, and to oper- 
ate on the meniscus, joint cartilage and osteophytes (Johnson 1986; Nau- 
mann et al. 1990). 

Therefore, the different handling does not permit a truly critical exam- 
ination of these procedures. No truly comparative investigations exists. 
Uniform evaluations and the use of scores is usually missing. Many inves- 
tigators use subjective factors such as pain, function of the joint and the 
duration of an ambulatory period free of pain. 

In a more recent study (Schultz 1993), the overall clinical outcome was 
better in patients treated with the combination of osteotomy plus arthro- 
scopy than in patients with osteotomy alone as statistically shown by bet- 
ter mobility - in particular by the better extension of the knee joint - 
and a longer ambulatory period free of pain (Figs. 1-5). 
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Fig. 1. Change in the extensor angle (STwd), plotted as a function of the preoperative status (STw) (pre- 
operative) of the extension deficit. Abrasion arthroplasty yields very good results for the largest degrees 
of hypoextension (25-15°). Even if the extension deficit is not eliminated completely, it can be reduced 
by up to 7 ° regardless of the preoperative status (distance to the dotted line). This convincingly illustrates 
the statistically validated superiority of the surgical technique with drilling or abrasion arthroplasty. PF, 
plate fixation without joint intervention; KF, clamp fixation without joint intervention; PF - Pridie, plate 
fixation with joint intervention (drilling); PF - Abrasio, plate fixation with joint intervention (abrasion 
arthroplasty). Diagram of the pre- and postoperative extension angles and their changes 




Fig. 2 a, b. Example of the correction of a varus deformity, (a) with osteotomy on the proximal part 
of the tibia and the correction of a valgus deformity, (b) with osteotomy at the distal part of the 
femur with plates 
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Fig. 3a,b. Arthroscopic view of the medial joint space a before and b 14 months after osteotomy 
without intra - articular surgery, a Joint compartment before osteotomy: degenerative changes of the 
cartilage (grade III and IV) on femurcondyle and the tibia and small changes of the meniscus can be 
seen, b The same joint 14 months after osteotomy: small changes of the cartilage at the tibia and 
the femurcondyle. The joint appears more smooth and clean than before surgery. ( 1 ) femurcondyle; 
( 2 ) tibia; (i) meniscus 




Fig. 4 a, b. Arthroscopic view into a joint, (a) before housecleaning (debridement, drilling) with osteo- 
tomy and (b) 15 months after the combined procedure, a Degenerative changes of the cartilage 
(grade IV) and the meniscus with flaps and tears, b Same joint 15 months later: good reparation 
tissue on the medial condyle and the tibia. The rest of the meniscus appears smooth and solid. 
(7) femurcondyle; (2) tibia; ( 3 ) meniscus 
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Fig. 5a,b. Arthroscopic view into a medial compartment with severe degenerative changes (grade IV) 
of the hyaline cartilage (a) before and (b) after housecleaning (debridement, abrasion arthroplasty) 
and osteotomy, a The medial joint space before abrasion arthroplasty and osteotomy, b The same 
joint 12 months after osteotomy and abrasion arthroplasty. The femurcondyle and the tibia are cov- 
ered by good reparation tissue. (/) femurcondyle; (2) tibia; ( 3 ) meniscus 



Conclusion 

The merit of individual surgical intervention in gonarthrosis is difficult 
to define since several surgical steps are usually performed in concert. In 
other words, interventions are involved that can improve the mechanical 
situation, but strictly speaking, cannot actually cure the problem. 

One decisive aspect to bear in mind when choosing the route of therapy is 
certainly the question as to whether axial malalignment is present or whether 
arthrosis prevails under normal axial circumstances. If the axial situation is 
normal an intraarticular technique can often lead to improvement in the 
condition of the joint. The duration of this improvement may vary, but is 
ultimately limited. Contraindications to an intraarticular intervention alone 
are axial malalignment or instabilities (Wagner 1976; Klein 1981). 

The lavage effect of endoscopic housecleaning as a singular procedure 
can diminish pain, thereby reducing the use of medication, and can con- 
siderably prolong the time before further measures are required. 

Since no other alternatives are currently available, in patients with ar- 
throsis grades II and III and/or III and IV, and even the course of arthro- 
sis presumably depends on the severity of the chondromalacia (Grifka 
1993), it appears sensible to use drilling and abrasion arthroplasty as a 
last-ditch measure for preserving the joint. The effect of this intervention 
depends on the size, depth and the diameter of the defect. 
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In the case of axial malalignment, correction of the axis has immediate 
priority. For patients with the appropriate indication, the combination of 
interventions is frequently a blessing because the arthroscopic operation 
carries a lower risk than arthrotomy and the indication for osteotomy 
can be broadened to include osteophyte removal in and around the cruci- 
ate ligament fossa. When treating injured articular surfaces - and no 
matter how elegantly - we must realize that we cannot cure the arthrotic 
condition nor can we stop its progression. However, previous results and 
experience have shown that these methods can be used to achieve a tem- 
porary improvement in subjective symptoms. 

In fact, not all arthroscopy possible options should be considered sen- 
sible. One should not solely aspire to leave all treated articular surfaces 
completely flat and smooth, but rather to properly identify any mechani- 
cal impediments as such and remove them. 

Osteotomy-driven axial correction is also effective in incipient and 
even advanced arthrosis. The combination of intraarticular intervention 
plus simultaneous axial realignment depends on the baseline situation of 
each individual joint at the time the indication for surgery is established. 
The clinical outcome from these patients is usually much better than in 
patients with osteotomy alone. 

And finally, whenever we plan surgical interventions we should always 
remember that the damaged cartilage is one major focus of the treat- 
ment, but not the only one. In arthrosis, all structures involved in the 
joint’s constitution are altered. This applies to the joint cartilage and the 
subchondral bone just as much as to the joint capsule and the so called 
auxiliary structures like the meniscus, ligaments and the musculature. 
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Gonarthrosis Treatment According to the "Knee School" 
Method - A Prospective Randomized Study 

E. Broll-Zeitvogel, J. Tyws, A.M. Muller, and J. Grifka 



Introduction 

Arthrosis of the knee is a significant cause of disability and is of consid- 
erable social and medical importance (Molsberger et al. 1993). Arthrosis 
can be defined as a pathologic joint condition caused by locally degenera- 
tive hyaline cartilage and consequent hardening of the subchondral bone 
(Engel 1994). Clinically it is characterized by pain, muscle imbalance, 
limited walking, swelling, progressive deformation, and bone destruction. 

Continuously increasing exercise pain and start up pain are indicators 
of gonarthrosis. In addition, what might be called idling pain or rest 
pain can be observed during inactivity between active phases: constant 
pain despite rest. These characteristic types of pain combine to render 
patients progressively immobile. 

On the analogy of the “back school” concept (Nentwig et al. 1997), the 
“knee school” approach (Grifka 1992) educates the patient in anatomy 
and pathology, and teaches knee-friendly behavior (Figs. 1 and 2). Well- 
targeted and easy-to-practice exercises help patients to prevent progres- 
sive muscular imbalance, as well as to improve mobility and the muscle 
weakness on their own (Figs. 3 and 4). 

Studies into post-arthroscopic therapy of gonarthrosis have shown that 
knee school practice results in increased insight into the nature of the 
disorder and recommended behavioral strategy, reducing the feeling of 
helplessness and depression often found with gonarthrosis patients. This 
gradually enables them to use their knee joints in normal everyday ways. 
Even in cases of advanced gonarthrosis, knee school training aims at and 
brings about reduction of pain and improved knee joint function. 
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Fig. 2. Knee-friendly standing up and kneeling 
down 




Fig. 4. Exercise performance: stretching of knee-flexor musculature 



Subjects and Methods 

In total, 98 patients suffering from active gonarthrosis and without surgi- 
cal intervention were divided into two prospective-randomized groups; a 
knee school group (KSG) and a control group (CG). 

Mean age of the 48 CG patients (29 female 19 male) was 64.2 years as 
compared to 61.4 years of the 48 KSG patients (31 female, 17 male). 
Mean duration of pain from initial manifestation to the day of assign- 
ment to the study was 32 months (KSG) compared to 34.2 months (CG). 
Before the start of the study medical treatment had been given to KSG 
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patients for an average 25.1 months and to CG patients for an average 
17.2 months (Table 1). 

In total, 28 KSG patients (57.1%) and 18 CG patients (36.7%) stated 
they had reduced quality of life due to knee joint disorders. Both groups 
were given identical conservative treatment: low frequency therapy, ultra- 
sound treatment, and iontophoresis. 

In addition, KSG patients were instructed in knee-friendly behavior ac- 
cording to knee school guidelines (Grifka 1992) - (Table 2). Self-directed 
exercises to strengthen and stabilize the knee were taught in six consecu- 
tive sessions that focussed on pain-free, correct alignment and patterns 
of movement. No special equipment was required to perform the exer- 
cises in the program. 

Each of the six knee school training sessions was strictly structured to 
ensure clarity and compliance, and patients were given illustrated, easy- 
to-follow instruction booklets. KSG patients were requested to perform 
the exercise program at home twice a day and to make knee-friendly be- 
havior a habit. 

Data were gathered before the start of the study and 3 months after 
treatment. Patient-related data were obtained by means of five standard- 
ized questionnaires covering age, sex, height, weight, profession, duration 
of pain, intensity of exercise/pain ratio, personal habits such as hygiene, 
dressing procedures, housework routines, and sports. Additional stan- 



Table 1. Patient data 





Knee school 
group (KSG) 


Control-group 

(CA) 


Patients (female/male) 


48 [31/17) 


48 (29/19) 


Mean age (years) 


61.4 


64.2 


Duration of pain (months) 


32 


34.2 


Medical treatment (months) 


2SJ 


17,2 


Table 2. Knee school guidelines according to Grifka (1992) 



1. Move your body 

2. Slim down 

3. Relieve your knee joints of excessive physical strain 

4. Avoid carrying heavy loads 

5. Avoid walking or standing for long periods of time 

6. Wear low-heeled shoes 

7. Walk on soft soles 

8. Avoid extreme bends of your knees 

9. Do knee-friendly sports only 

10. Exercise the muscles of your legs every day 





180 E. Broll-Zeitvogel et al. 



dardized questions were used to determine the psychological constitution 
of the patients, their previous knowledge of knee-friendly behavior, and 
their understanding of potential causes of knee disorders. 

Clinical symptoms were recorded using an examination form. In a fol- 
low-up interview 3 months later patient compliance was documented, 
focussing on adherence to knee school guidelines in everyday activities 
and the frequency of knee school training at home. 

Results 

Initial Findings 

Both groups of patients stated that subjective impairment caused by con- 
stant knee pain was their greatest concern. At the beginning of the study 
there was no significant difference between KSG and CG patients. Both 
groups of patients had equal intensity of pain, pain while climbing stairs, 
pain while getting in and^r out of a car etc. (Table 3). 

The percentage of patients using special devices like knee bandages or 
making deliberate efforts at moving as knee-friendly as possible in every- 
day situations was noted (Table 4). A maximum score of 13 could be 
achieved for knowledge of the relationship between gonarthrosis, weight, 
and knee-friendly behavior in everyday conditions. KSG patients scored 
9.5 at the onset of the study whereas CG patients scored 10 (Table 4). 



Table 3. Experience of pain: statements by the patients 





Initial 

examination 

KSG 


Initial 

examination 

CG 


Follow-up 

KSG 


Follow-up 

CG 


Statistical 

analysis 


Subjective impairment 
through knee pain 


47.8% 


46.7% 


39.2% 


41.1% 


p<0.01 

2-factor 

analysis 


Pain during sudden 
movements of the knee 


78.7 


74.5 


72.3 


87.2 


p<Q.0S 


Increase of pain while 
walking on uneven ground 


87.5% 


93.9% 


SS.3% 


80.0% 




Increase of pain while 
climbing stairs 


62.5% 


68.7% 


66.7% 


85.1% 




Pain while gening 
in/out of a car 


81.1% 


63.3% 


61.7 


60.4% 




Intensity of pain zVAS 
of pain 0-100 


66.2 


63.4 


52.2 


61.3 


p<0.0S 
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Table 4. Everyday activities/use of special devices 










Inittal 

examination 

KSG 


Initial 

examination 

CG 


Follow-up 

KSG 


Follow-up 

CG 


Statistical 

analysis 


Use of chairs with armrests 


554% 


51.0% 


87.5% 


51.0% 


p<0.0\ 


Doing housework from 
a sitting position 


40.5% 


44.4% 


76.7% 


47.7% 


p<0.01 


Wearing of low-heeled, 
soft soled shoes 


26.5% 


32.0% 


59.2% 


40.8% 




Use of knee bandages 


313% 


36.2% 


18.4% 


40.4% 


p<0.0S 

chi^-test 


Knowledge of knee-friendly 
behavior and process 
of arthrosis (maK. Score 13) 


9.5 


10,0 


113 


10.1 





Results of the Follow-up Examination 

At 3 months after the initial examination, KSG patients had significantly 
reduced impairment due to pain (p<0.01) and considerably less frequent 
use of knee bandages. Patients significantly (p<0.01) changed their pos- 
ture doing housework after knee school instruction: KSG patients did 
their housework more often from a sitting position (Table 4), and they 
used chairs with armrests to lean on while standing (Fig. 1). 

By switching over to the modified pattern of movement recommended, 
KSG patients were able to reduce pain considerably upon getting in or 
out of cars (p<0.01) (Table 3). 



Discussion 

whenever treatment requires active participation by the patient, compli- 
ance is a prerequisite for success. As their ailment develops over a long 
period of time, gonarthrosis patients experience a reduction of mobility 
and a decrease in social contacts, diminishing the quality of their lives. 
This is strong motivation to actively improve their situation by whatever 
means. 

The simple, consistent structure of the knee school exercise program 
makes it easy to grasp. Studies have shown (Loring et al. 1987) that a 
thorough understanding of a condition is of fundamental importance for 
the compliance of patients and determines the effect of therapeutic mea- 
sures. An analysis of 76 studies on the efficiency of patient information 
revealed that in 61% of the cases, comprehensive and detailed informa- 
tion of the disease resulted in better health and well-being for the pa- 
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tient. The more patients know about their ailment and potential treat- 
ment, the greater their compliance (Mayo 1978). 

As physiotherapists supervise knee school patients at the beginning of 
each training session, individual mistakes are noticed and corrected. By 
regularly doing the exercises of the knee school program on their own 
patients develop self-discipline. Nonetheless expert support is indispens- 
able. 

Weseloh et al. (1990) were able to show that the long-term nature of 
their ailment is a key factor in compliance of the gonarthrosis patient. 
They examined 420 people with a high risk of arthrosis who had not yet 
developed it: 50% of those taking part in the study didn’t continue their 
preventive exercise program because of a lack of motivation or time. 

Restoring well-balanced, strong thigh muscles is important to prevent 
atrophy of vastus medialis and consequent muscular imbalance. Being 
the key muscle of the knee joint, the vastus medialis atrophies quickly 
when inactive and easily loses functional activity (Bornert 1991; Dippold 
1981). This type of atrophy can be defined as a segmental, spinal motor 
regulatory disorder, representing a neuropathic myogenous tissue syn- 
drome with volumetric and isometric type-Il fiber atrophy (Ziegan and 
Dippold 1985). It causes inadequate control and misplaced load of the 
knee joint, constant overload of its capsule-ligament structure and effu- 
sions into the joint. There is cartilage- wear due to excessive, permanent 
strain (Bornert 1991; Dippold 1981). 

Dippold (1981) proved that long and intensive tensing up of the mus- 
cles has a positive effect on type-II fibers. Knee school exercises increase 
maximum strength and - in the long run - improve inter- and intramus- 
cular coordination, which patients find beneficial in everyday situations 
(Grifka et al. 1993). 

The fact that motivation has to be considered a key element of success- 
ful training was shown by Bornert (1991) and Dippold (1981) who found 
that supervised isometric muscle training did not yield results unless the 
patients were determined to make the greatest possible effort. 

Previous studies by Grifka et al. (1993) proved positive effects of knee 
school practice after arthroscopic knee surgery. The present study shows 
considerable improvement of symptoms after strictly conservative treat- 
ment. 



Conclusion 

This study has proved that the combination of muscle strengthening knee 
school exercises geared to the needs of gonarthrosis patients and instruc- 
tion on knee-friendly behavior in everyday situations results in consider- 
able alleviation of pain and improved function of the knee joint. 
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Due to reduced pain and improved mobility, patients showed more 
positive psychological states and reported a general increase in the quali- 
ty of life. This in turn makes social re- integration easier and therefore 
meets the needs of elderly patients in particular. 
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Knee School: Practical Management in Rehabilitation 



J. Kirmair 



Introduction 

Knee problems have become illnesses of civilization because of loss of 
use or overuse of functional chains, lack of movement, too much sitting, 
obesity, and lack of physical training. 

In addition to back and neck/shoulder problems, the knee is a com- 
mon and frequent reason for consulting a doctor for treatment and/or a 
prescription for sick-leave from work. Knee problems result in dysfunc- 
tion of the legs, with side effects in somatic, psychological, professional, 
recreational and social domains. With back pain, experience has shown 
that, besides the therapeutic program the patient should be educated 
about prevention in order to diminish or stop an increase in problems. 
Similar results apply to knee problems. It may be possible to relieve knee 
problems by decreasing risk patterns of behavior. 

Like the back school for problems of the vertebral column, Joachim 
Grifka developed the idea of a knee school. It has proved its effectiveness 
according to reports in literature. 

We introduced our knee school as a supplementary treatment during 
rehabilitation in our orthopaedic clinic. 



Principles 

The knee school consists of modification of behavior and a physiothera- 
peutic program to stretch the shortened soft tissues and strengthen the 
muscles. 

The aims of rehabilitation in modifying behavior are as follows: 

- Reducing overload of the knee joint 

- Developing a knee-protective behavior 

- Learning new patterns of movement 

- Improving movement coordination 

- Joint protection in everyday life situations 

- Achieving greater activity despite the illness. 
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Behavior modification involves education about everyday situations that 
overload the knee joint and therefore should be avoided (Fig. 1), instruc- 
tion in knee-protective behavior and practical training in order to learn 
and improve the new pattern of movement. Practical applications are 
demonstrated and discussed. 

The patient must have the capacity to receive and act upon the new in- 
formation, be willing to change his behavior, learn the new patterns of 
movement and apply them in everyday life at home and work. 

For the behavior modification, it is most effective to teach in small 
groups in order to benefit from the model learning effect - as has proved 
effective in back schools (Fig. 2). The group spreads a positive dynamism 
among its members. Knee school is in part a teaching of an attitude; to 
be more conscious of and more responsible for one’s own health by 
changing behavior while standing, moving, bending, carrying and doing 
sports. At all times one should pay attention to the principles of joint 
protection. Finally, the affected person should be able to regain enough 
competence to help himself and to adapt his living conditions accord- 
ingly. 

The principles of the knee school are summed up in ten rules, as fol- 
lows: 

1. Maintain movement 

2. Decrease weight 

3. Unload the knee joint 

4. Avoid lifting or carrying heavy objects 

5. Avoid long periods of standing or walking 




Fig. 1. Example of a bad pattern of movement 
- overcharging the knee joints while lifting 
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Fig. 2 . The knee school group in action. The therapist can supervise and instruct each patient 



6. Wear shoes with low heels 

7. Wear shoes with yielding soles 

8. Avoid extreme bending of the knee 

9. Do sports that are suitable for your knee 

10. Train leg muscles daily. 

In a knee school program, the training in practice by physiotherapy is as 
important as behavior modification. The aims of rehabilitation in phys- 
iotherapy are as follows: 

1. Strengthening of muscles 

2. Stable muscular movement of knee joint 

3. Lengthening of shortened soft tissues 

4. Reduction of muscular inequalities 

5. Improving joint metabolism 

6. Improving the venous and lymphatic return. 

It is not the aim of knee school to replace a controlled individual phys- 
iotherapy program. The special training program of the knee school con- 
sists of muscular contraction and motion exercises orientated in the sim- 
ple knee axes. The advantage is the easy performance, the exact fre- 
quency, the good response of the phasic type II fibers by long and inten- 
sive contraction of the muscles and therefore improvement of maximal 
force and inter- and intramuscular coordination. The sequence of con- 
traction exercises (in order to stabilize the knee joint), and the number 
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and frequency of repetitions, represents training for force-endurance ac- 
cording to Harre (1982). 



Management and Organization 

We organized the knee school in our rehabilitation center as follows: Pa- 
tients who had undergone surgery just before coming to us or who had 
restrictions in bending or loading their knee joints imposed by the sur- 
geon, were treated only by physiotherapy. The rest of the patients with 
knee problems took part in the knee school as a supplementary treat- 
ment. During the first week of the patienfs stay we offered four sessions 
of instructions/exercises: 

1. At first we offered 30-45 min of theoretical information that included 
the basic mechanism of the knee, explanation of the function of the ar- 
ticular components, and principles of joint metabolism. We gave 
further explanations of the knee school rules, and motivated patients 
for the following three practical sessions. 

2. Afterwards we gave three sessions (30 min each) of practical instruc- 
tions with repetition of the corresponding knee school rules and de- 
monstration in practice. Devices used are mat, stool, roll and towel. 
The training program consists of motion exercises and isometric mus- 
cular contractions as well as patterns of movement in a diagonal plane. 

We integrate a training program for lengthening the muscular tendinous 
structures: 

- First practical unit consists of exercises on the stool (Figs. 3 and 4). 

- Second practical unit consists of exercises in the supine position. 

- Third practical unit consists of exercises in the prone (Figs. 5 and 6) 
and side positions. 

After attending the knee school - after the first week of the patient’s stay 
in the clinic - the patients took part in group physiotherapy. Patients 
with knee problems were assembled in groups doing kinesiotherapy on 
the ground and in the pool. 

In a clinic for rehabilitation there are other means of physical therapy 
for treatment of knee problems, which should be used as required. Other 
concurrent problems may also be present and need to be treated. 



Study Design 

In 1995, our clinic for orthopedic rehabilitation carried out a prospective 
randomized study with a total of 120 patients, distributed into a knee 
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Fig. 3. Example for an exercise on the stool. Iso- 
metric muscular contraction jII as move- 
ment in a diagonal plane 




Fig. 4. Example of an exercise on the stool. 
Lengthening the muscular tendinous structures 
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Fig. 5. Example of an exercise in the prone position. Muscular contractions and motion exercises 
orientated in the simple knee axes 




Fig. 6. Example of an exercise in the prone position. Lengthening the muscular tendinous structures 



school group and a control group (with proportional distribution of age 
and sex). All patients in the study were examined and questioned by the 
same investigator. This was carried out before (first examination) and after 
attending (second examination) the knee school and before discharge 
(third examination). All 120 patients were followed without drop-outs. 
We examined the changing parameters during the patient’s stay (4 weeks) 
for all patients, and comparing the knee school with the control group. 
We made a two-factor comparing analysis with repeating of one factor. 
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Criteria for taking part in this study were knee pain with the following 
diagnoses: 

- Gonarthritis 

- Knee ligament instability 

- Anterior knee pain. 

On average the patients had undergone medical treatment because of 
knee problems for 104 months. As almost all patients also suffered from 
back pain, we made a standardized therapeutic program for the knee 
joint and the vertebral column. 

The investigation program included a questionnaire, physical examina- 
tion, and estimation of behavior in practical application. In 87 cases 
(72.5%) we performed an X-ray of the knee. The grade of arthritis was 
classified according to Wirth. 

We questioned the patients regarding duration of inability to work, 
their occupation, problems in getting in or out of a car, how long they 
had been driving a car. At check-ups during the treatment stage, we 
asked for the walking range and the duration of sitting. The improve- 
ment in the subjective knee pains at rest, on movement, and on walking 
upstairs was marked on a visual scale by the patient. Furthermore, we in- 
quired, by questionnaire, about the theoretical understanding of the con- 
dition by the patient. The patient’s behavior was assessed in everyday sit- 
uations - sitting down (Fig. 7), sitting (Fig. 8), kneeling (Figs. 9 and 10) 
and going upstairs (Fig. 11). Their practical application in avoiding inap- 




Fig. 7. Example of a good pattern of move- 
ment while sitting down 
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propriate knee joint movements and making better knee movements was 
estimated. During the second and third examinations we asked the pa- 
tient’s opinion about the effectiveness of the therapy in improving their 
knee problems. 




Fig. 8. Example of a bad position while sitting 
overburdening the knee joints 




Fig. 9. Example of a bad pattern of movement 
overcharging the knee joints while kneeling (see 
Fig. 10) 
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Fig. 10. Example of a good pattern of move- 
ment. Performance of the same task as in Fig. 9 
(lifting) 




Fig. 11 . Example of a good pattern of movement while going upstairs by using the banisters 



Results 

The parameters of pain at rest, pain on motion, duration in the sitting 
position, behavior assessment of the sitting position and the patient’s as- 
sessment of the effectiveness of the knee therapy were not statistically 
significantly different either during the 4-week period of the patient’s 
stay, or between the knee school group and control group. 

For all patients there was a highly statistically significant improvement 
in knee pain while going upstairs and a statistically significant improve- 
ment of the walking range and the objective behavior assessment while 
going upstairs. 
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The objective behavior assessment while sitting down and kneeling 
showed a statistically significant improvement for all patients. In addition 
there was a statistically significant difference between the knee school 
group and control group for the kneeling, and the sitting down. 

In questioning understanding of the theory and its practical applica- 
tion there was a statistically highly significant improvement for all pa- 
tients as well as a statistically significant difference between the knee 
school group and the control group before discharge from our clinic. 



Conclusions 

Our knee school study showed a statistically significant improvement 
concerning the theoretical understanding of knee problems and practical 
application of objective behavior assessment of the motion patterns sit- 
ting down and kneeling. These are complex motion patterns that need, 
for the most part, new instructions and training in practice so they can 
be memorized. 

During the 4-week stay in our rehabilitation center, the study showed 
a statistically highly significant improvement regarding the knee pain 
while going upstairs and the theoretical understanding, a statistically sig- 
nificant improvement regarding the objective behavior assessment of the 
motion patterns sitting down, kneeling and going upstairs as well as the 
walking range in all our patients. This indicates we achieved success in 
rehabilitation in all patients and shows the quality and acceptance of our 
therapeutic program. 

We see indications for knee school in cases of gonarthritis, knee liga- 
mentary instability and anterior knee pain. The knee school helps con- 
servative treatment, postoperative treatment and in prevention of dete- 
rioration. 

The particular advantages of knee school are the instruction in small 
groups. The group dynamics promote patient motivation and patients 
benefit from the effect of model learning (behavior therapy). 

An instruction program in four sessions has proved necessary in order 
to repeat the information, and deepen the knowledge about knee. Overall, 
the patient’s understanding about knee problems is increased. In particu- 
lar they are taught to avoid inappropriate knee joint movements and 
otherwise make better knee movements in daily situations (Fig. 12) at 
home and at work. 

We emphasize the advantage of a longer period of treatment in a clinic 
for rehabilitation: by being protected from stressful situations at home 
and at work the patient can concentrate and focus on his/her own recovery. 

They can adopt healthier ways of living and a more favorable behavior, 
practicing new patterns of movement in small groups and reflecting on 
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Fig. 12. Example for a good pattern of move- 
ment while kneeling down 



these new experiences. In the clinic, the patient meets many people who 
can help in problem solving - doctors, therapists, psychologists, social 
workers and other patients. Together they form the rehabilitation team - 
and their cooperation is important and decisive for the patient’s motiva- 
tion for recovery. 
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Psychologic Aspects of Training Therapy 

D. WiNDEMUTH 



Introduction 

Numerous psychological concepts and theories are of importance for 
training therapy. For example basic psychologists focus on the measure- 
ment of motivation as well as on cognitive or emotional aspects in sports 
or therapy. In contrast, for social psychologists the dynamic of a group is 
the most important for training therapy. They also check the significance 
of the opinion leaders in a team or a group of patients and use them to 
obtain the most benefit. The task of an educational psychologist is to de- 
sign the best way to learn. The most important field of applied psychol- 
ogy in training therapy is clinical psychology. Therapy of patients with 
chronic pain or psychosomatic diseases is only one of their tasks that has 
achieved recognition in recent years. 

The concept of health locus of control from the psychology of personal- 
ity is currently topical. 



The Concept of Health Locus of Control 

The concept of locus of control is currently one of the most investigated 
areas in psychology. The concept makes it possible to state the expecta- 
tions or convictions of a person and the way to achieve improvement. 
People can expect to improve health as a consequence of their own be- 
havior. Alternatively, they may believe that the achievement is not influ- 
enceable. Along such a continuum, expectancies can be arranged as 
either internal or external. Rotter (1966), who introduced this concept in 
the frame of his social learning theory (1954), calls the poles of the con- 
tinuum internal or external locus of control. 

“When a reinforcement is perceived by the subject as following some 
action of his own but not being entirely contingent upon his action, 
then, in our culture, it is typically perceived as the result of luck, chance, 
fate, as under control of powerful others, or as unpredictable [...] when 
the event is interpreted in this way by an individual, we have labeled this 
a belief in external control If the person perceives that the event is con- 




Psychologic Aspects of Training Therapy 197 



tingent upon his own behavior or his own relatively permanent charac- 
teristics, we have termed this a belief in internal controF (pi). 

In the 1970s the external beliefs theory became further differentiated. 
Following Levenson (1972), it was divided into a social-externality and a 
chance-externality. Social-externality expresses the conviction that 
changes are influenced by powerful other persons (p-externality); chance 
(or C-) externality defines the belief that they are the result of luck or 
fate. The three dimensions, internality, c- and p-externality are indepen- 
dent of each other. The scores are distributed in a normal way on every 
dimension. Thus, someone can believe in achieving a target through his 
own behavior (high internality) but that in addition the help of powerful 
others is necessary. Independent of this, the role of luck in the change 
can perceived as large or small. 

The behavior of a person can be predicted with the help of this locus 
of control. Numerous studies proved that an internal locus of control pre- 
dicts the execution of a behavior for the acquisition of an attractive tar- 
get, while during high c-externality the behavior is not executed. In case 
of high p-external belief people would prefer action that fulfills the de- 
mands of another important person. 

Such global locus of control can predict behavior in many areas of life 
but this prediction is quite inaccurate. That is why Rotter (1975) required 
assessment of locus of control specifically for those situations in which 
behavior has to be predicted. It is possible that a person has an internal 
locus of control in one area of life, yet in another a strongly c-external 
belief (e.g. if a person believes he can influence his state of health, but 
for vocational success he needs good relations with a superior). In re- 
sponse to Rotter’s demand, a set of possibilities was developed to mea- 
sure locus of control in specific areas. One of these areas was health and 
illness, which is based on Wallston et al. (1976). 

Health locus of control is the belief of a person whereby his health is 
controlled (e.g. Wallston et al. 1978). A person can be convinced that he 
has control of his health status (internality) or that he does not have any 
control because of powerful other persons (p-externality) or general lack 
of control (c-externality). This health locus of control permits prediction 
of health-related behavior to a considerable degree. The relevance for the 
success of training therapy is obvious, because self-directed behavior is 
necessary to achieve success. 

In 1976, the first questionnaires for assessing health locus of control 
were developed (Wallston et al. 1976). This still quite simple scale was re- 
fined and differentiated in later years (Wallston et al. 1978). In the late 
1980s in Germany scales were developed by Lohaus and Schmitt (1988), 
Bohlen (1988) Ferring and Filipp (1989) and Mrazek (1989). Later they 
became further specialized, e.g. particularly for diabetic patients (Kohl- 
man et al. 1993). Beside questionnaires, other procedures for the assess- 
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ment of locus of control were developed (e.g. interviews); but they did 
not achieve wide use. 

In the 1980s, assessment of locus of control played an increasing role 
in the field of behavioral medicine. The research reaches from the inves- 
tigation of connections, e.g. between locus of control and preventive 
health behavior, up to attempts to predict the success of a therapy or op- 
eration by locus of control. After a more general overview, we will dis- 
cuss particularly the area of orthopaedics. 



Connections Between Locus of Control and Convalescence 

The following will deal with possibilities of operationalization the conva- 
lescence briefly. The psychological beginnings for the prediction of the 
convalescence do not refer yet to locus of control. Later the development 
of practice-relevant research presented locus of control as a predictor for 
organic convalescence. The relevance for training therapy becomes im- 
portant by that variable. 



Possibilities to Operationalize the Construct Convalescence 

The term convalescence has been reported in different ways. The simplest 
measure for convalescence is the number of days a patient stays in a hos- 
pital (e.g. after an operation). This is an easy but not a valid way to mea- 
sure convalescence because it does not sufficiently reflect the extent of 
subjective condition or organic recovery. Further factors, e.g. the number 
of patients in the hospital, are likewise important factors of influence on 
this measure. Because the judgement (e.g. of physicians) over the state of 
health of a patient correlates poorly with the patient’s well-being, the in- 
terpretation of this measure requires caution. Therefore, it is advisable to 
determine the recovery of patients multifactorially in the sense of the 
World Health Organization Ottawa Charter (1986). This would include 
the subjective well-being of the patient. The specification of the criteria 
that measures convalescence is indispensable. Such a global kind of oper- 
ationalization is introduced later. 



First Empirical Findings of Predicting Convalescence by Psychological Variables 

Research on prediction of convalescence refers predominantly to the recov- 
ery status after an operation. Frequently, prediction of the result of an op- 
eration by medical rather than psychosocial variables was tried. A sample of 
patients following back surgery was selected in many studies. Reasons for 
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the selection of this sample are the frequently unsatisfactory results of the 
operation (Hirsch 1965; Schwetschenau et al. 1976) and the difficulty in pre- 
diction of the results from a medical point of view alone (Roberts et al. 
1984). A good prediction of the reduction of pain intensity after traditional 
disc surgery was made successfully by medical variables (Weir 1979). 

Numerous studies exist in which multidimensional personality inven- 
tories such as the Minnesota Multiphasic Personality Inventory (MMPI) 
are used to predict the success of an operation. The results are relatively 
uniform. Patients with minimal improvement reach increased values on 
the subscales hysterias and hypochondrias (Wiltse and Rocchio 1975; Oost- 
dam and Duivenvoorden 1983) or additionally on the subscale depression. 
Comparable results were supplied by some (Valach et al. 1988) but not 
others (Waring et al. 1976). In these studies, psychological variables cor- 
rectly account for the classification of 87% of the operated patients. These 
findings are problematic in that no conclusion can be reached about the 
cause and the effect (increased values on the MMPI subscales hysterias, hy- 
pochondrias and depression can be, but do not have to be, the cause of a 
surgery failure). Comparable scale profiles are also shown by patients with 
minimal organic diagnosis for disc complaints (Hanvik 1951; Calsynet al. 
1976) or patients with a very long duration of complaint before surgery 
(Hasenbrink and Ahrens 1987; Sternbach et al. 1973) or for patients with 
chronic pain (Merskey and Boyd 1978). 

Nevertheless, with careful interpretation these results permit relevant 
conclusions for clinical practice, as discussed by Wiltse and Rocchio 
(1975). From the results they derive conservative indications for surgery. 
With objective medical results, which justify surgery, an operation should 
be performed independently of the results of the psychological test. If the 
patient shows favorable test results, pronounced pain symptoms, but 
minimal objective medical results, a surgery is to be endorsed, since 
symptom reduction after surgery is probable. With unfavorable MMPI re- 
sults, high pain intensity and minimal objective results, an operation 
should be avoided, since a symptom reduction is improbable. 

Thus, the dilemma of this research consists in the fact that it does not 
permit conclusions in a causal way, because the scale profile of the MMPI 
does not permit a prediction of the relevant behavior. It is more effective 
to measure parameters, such as health locus of control, which enable a 
direct prediction of behavior. In the ideal case this variable can predict 
the behavior that has influence on the convalescence. A causality can be 
proven only conditionally, but it can be substantiated by plausibility. 
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Locus of Control as Predictor of Organic Convalescence 

One of the first studies into the connection between health-referred cog- 
nition and convalescence was accomplished by Rogner et al. (1987). They 
showed that only 17% of the variance in the recovery of patients can be 
explained by the severity level of the injury. This variance could be in- 
creased to 48% by inclusion of different psychological variables. An inter- 
nal locus of control was proved to be favorable for the convalescence. 
However, the convalescence was defined as the period spent in the hospi- 
tal and by the judgement of the physician. 

Later studies were able to confirm the connection for different groups 
of patients, although the criterion variables were not always directly re- 
lated to convalescence. For example Schulze et al. (1988) found a connec- 
tion between locus of control and post-surgical psychological symptoms 
in women after hysterectomy; Schumacher et al. (1987) found the connec- 
tion for patients after extracorporal treatment of nephritic stones; Par- 
tridge and Johnston (1989) for patients after a traumatic brain injury and 
patients with a fracture of the wrist, and Windemuth et al. (1991) for sur- 
gical patients after rupture of a ligament of a knee joint. Usually, on any 
given criteria, a favorable effect can be shown for patients with high in- 
ternality and an unfavorable effect for patients with high c-externality. 



Studies in Samples of Orthopaedic Patients 

For orthopaedic patients the prediction of health status by health locus of 
control offers itself as a useful tool, because a large number of diseases 
can be influenced by the patients through their own behavior. Because of 
this, training therapies such as knee schools (Grifka 1992), back schools 
(Nentwig et al. 1997) and shoulder schools (Windemuth and Ullrich 
1997) have been established. This therapeutically important behavior 
should be predictable by health locus of control and this behavior should 
control the convalescence. Other areas of convalescence, which cannot be 
affected directly by own behavior, should not be predictable. 

Two studies are presented briefly (further details can be found in 
Windemuth 1991). These studies clarify the enormous importance of lo- 
cus of control for the success of training therapy. Finally, we will discuss 
the practical possibilities of considering this variable in the planning and 
organization of training therapy. 
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Study I: Locus of Control and the Success of a Shoulder and a Knee School 

The sample of the first study consists of n = 54 patients with chronic 
shoulder complaints and of n = 148 patients with chronic knee com- 
plaints. The diagnosis for the shoulder patients is impingement syn- 
drome I or II (classification according to Neer 1983), i.e. exclusion of pa- 
tients with indications for a surgery. Complaints were due to impinge- 
ment of the supraspinatus tendon. In addition to the conservative medi- 
cal treatment, about half of the patients participated in a shoulder school 
(shoulder schools in general: Hedtmann and Fett 1988). The diagnosis of 
the knee patients was gonarthrosis, and chondromalacia patellae. 

The shoulder and the knee schools are behavior training programs, 
which inform patients in groups about the anatomy of the shoulder or 
knee, the pathological changes associated with the symptoms and the 
possibilities of contributing to the convalescence by purposeful gymnas- 
tic exercises. At the same time patients are instructed in the technique of 
systematic self-monitoring. Four to five weeks later a further session was 
given with the goal of deepening the technique of self-monitoring and of 
controlling the correct execution of the exercises. 

The extent of convalescence of the shoulder was evaluated with the 
help of a modified version of the Constant scale (Constant and Murley 
1987) on five occasions: before the start of treatment as well as 1, 2, 4 
and 6 weeks after (Fig. 1). The following measures were used: pain (pain 
on movement and rest defined by the patients and also classified by the 
physician with analgesic use as a guideline); the extent of functional im- 
pairment because of pain; muscular strength (when carrying weights 
keeping the arms hanging, as well as with different movements of the 
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Fig. 1. Explained variance of muscular strength in shoulder patients due to health locus of control 
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arm such as internal rotation and external rotation in adduction); mobili- 
ty of the shoulder joint in flexion, abduction, adduction as well as inter- 
nal rotation and external rotation in adduction. The health locus of con- 
trol became measured at the time of the first examination by the GKU- 
scale (Bohlen 1987; see also Nentwig and Windemuth 1993). This scale 
measures the health-locus of control on the dimensions internality (e.g. 
“diseases of many people are the result of their own carelessness”); p-ex- 
ternality (e.g. “the treatment of diseases belongs in the hands of a spe- 
cialist”); and c-externality (e.g. “my health depends mainly on fate”). Pa- 
tients had to specify their agreement on a rating scale between the ex- 
tremes 1 (exactly right) and 6 (not correct at all). 

For knee patients the convalescence was evaluated by the criteria of 
muscular strength based on the girth of the leg 10 and 20 cm above the 
knee, different pain measures and the degree of mobility of the knee 
joint. Out of this measure three indices were computed: for muscular 
strength, for pain and for mobility. All measures were taken 1, 2, 4 and 8 
weeks after the start of treatment (Fig. 2). The psychological variables are 
measured in the same way as for the shoulder patients. 

The results of the correlation analyses between patients with and with- 
out shoulder and knee school are particularly interesting (Figs. 1 and 2). 
The criterion of muscular strength can be observed: 1 week after the first 
examination 24% of the variance within both groups of shoulder patients 
can be explained by the results of locus of control (Fig. 1). In the second 
week, 30% of the variance can be explained for patients with shoulder 
school and 39% for the patients without this training. In the fourth and 
eighth weeks there were different trends: while for patients without 




Fig. 2. Explained variance of muscular strength in knee patients due to health locus of control 
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shoulder school there was an increase to 50% in the fourth week, and 
after this a decrease to only 13% after 8 weeks, those with shoulder 
school showed the percentage of explained variance increases to a high 
level with 75% in the fourth and 78% in the eighth week after start of the 
treatment. 

The course for the knee patients was a little different. While for pa- 
tients without knee school there was no prediction of muscular strength 
due to locus of control there was an increasing explanation of variance 
from the fourth to the sixth week from 12% to 26% for patients with 
knee school. 

All in all, the variance of muscular strength after beginning medical 
therapy or medical therapy combined with behavioral training can be ex- 
plained due to health locus of control for patients trained to behave in 
the right way to increase their muscular strength. Locus of control is un- 
important for patients not receiving information about the possibilities of 
training. 

A look at the explanation of the variance of pain intensity can prove 
this hypothesis that health locus of control is an important variable for 
convalescence, but that it is of importance only if the patients learns 
what to do during convalescence. Because no patients in the study 
learned about pain control, this variance should not be explainable. In 
fact there was no significant influence on this variance due to locus of 
control (always less than 1.5%). 

In the context of training therapy these results are a large source of ex- 
pression of the importance of health locus of control. They prove that lo- 
cus of control predicts the practice of specific behavior, e.g. physical 
training for muscular strengthening. For variables such as pain, on which 
no possibilities of influence were obtained, it does not have importance. 
Since training therapy always implies independent behavior of the parti- 
cipants, as a determinant of this behavior locus of control is obviously of 
great importance. 



Study II: Replication of Results from Study I for Surgical Patients after Rupture 
of a Ligament of the Knee Joint 

The second study was performed in n = 95 patients after surgery of the 
anterior cruciate ligament or medial collateral ligament. These injuries 
are rarely seen solely (see Karpf and Mang 1981). That is why patients 
with additional damage of the meniscii etc. were included. After an ini- 
tial 2-week stationary treatment (surgery, thigh plaster cast, first gymnas- 
tic exercises) patients were dismissed from the hospital for approximately 
4 weeks. During this time patients should continue the exercise by them- 
selves (e.g. static contraction exercises). Subsequently, they were taken up 
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a second time for 2 weeks (plaster cast removal and physical exercises). 
Convalescence could be diagnosed and quantified at the beginning and at 
the end of the second treatment phase: the muscle atrophy in the thigh at 
10 and 20 cm above the knee, knee joint swelling, and exact range of the 
knee in relation to the untreated leg. The mobility of the knee joint could 
be measured in degrees. Additionally, in a partially structured interview 
the well-being of the patients was assessed. The GKU-questionnaire was 
given 2-3 days after the surgery. This is the first study specifically show- 
ing that the phase outside the clinic provides the opportunity for the pa- 
tients to influence convalescence by independent exercises. 

The key question is: can the independent behavior be predicted by 
health locus of control? This is of importance for the success of training 
programs such as knee, shoulder or back schools. This behavior, and 
thus, convalescence should be predictable by the health locus of control. 

For the purpose of the evaluation patients were divided into two 
groups according to the medical diagnosis (a value combined from the 
different criteria). The first group is called “well convalescence”, the sec- 
ond group “bad convalescence”. The criterion “well” or “bad” is deter- 
mined over the average value of the total group. Those with worse diag- 
nostic values than the total group average are classified as “bad convales- 
cence”. Those who obtain better values are classified as “well convales- 
cence”. With the help of comprehensive statistical procedures, we can 
now see whether this allocation to one of the two groups is predictable 
from the psychological status. The result of this statistical analysis is 
shown in Table 1. For nearly 72% of the patients, due to their health lo- 
cus of control, the group to which they will belong 6 weeks after surgery 
can be predicted. The patients with an unfavorable convalescence believe 
significantly more in the importance of medical personnel for their 
health (p-externality). In view of the fact that no prediction is possible 
from medical variables, the computed percentage is amazingly high. On 
the basis of chance a hit rate of approximately 50% would be expected. 



Tablet. Results of the statistical analysis when patients were divided into good and bad convales- 
cence 





Good 


Bad 




convalescence 


convalescence 


Aaual diagnosis 


32J% 


39.6% 


Incorrect diagnosis 


13.2% 


15.1% 



Percentage of correctly classified patients: 71.7%; for 32.1% the prognosis "good convalescence" was 
correct, while for 39.6% the prognosis "bad convalescence" was correct. For 13.2% and 15.1%, respec- 
tively, an incorrect prognosis was obtained. 
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The attempt to identify patients who benefited from independent exer- 
cises on the basis of psychological characteristics was successful to a 
large extent. Patients believing medical personnel as unimportant for 
their health status benefit mostly from the phase of independent exer- 
cises. Patients believing medical personnel as important do not benefit 
from the period of independent exercises. 



Consequences for Practice 

What are the consequences for practice that can be derived from this re- 
sult? Wallston and Wallston (1978) discuss changing the locus of control 
beliefs with patients in order to develop a favorable behavior. However, 
they present the possibility of using health locus of control as an indica- 
tion variable in order to tailor therapy to each patient. 



Changing Health Locus of Control to Increase the Success of Training Therapy 

With the justified assumption that control beliefs (mediated, e.g. by the 
regularity of gymnastic exercises) have an influence on the health and 
convalescence of patients, the question about a change of these beliefs is 
of great practical importance. Can patients achieve an increase of compli- 
ance by internalization? Nearly all studies on the connection between 
control beliefs and health are correlational under the assumption of med- 
iating variables; however, a causal connection can be made plausible. The 
extent of the compliance is determined by the control beliefs and thus 
the quality of convalescence is also controlled by these beliefs. 

Studies with the aim of increasing global internality originate predomi- 
nantly from the 1970s. To reach this goal programs of information trans- 
fer and more practically aligned procedures are conceivable (MacDonald 
1972). An overview of the few attempts to change locus of control can be 
found in Wallston et al. (1978) and also Krampen (1982, 1985). Further- 
more, Krampen identifies fundamental methodological weaknesses of 
most of these studies such as different evaluation criteria, no accurate de- 
scription of the therapeutic procedure, exclusive view of a possible inter- 
nalization. Overall most studies seem to be promising, whereby increas- 
ing internality seems to be successful following programs for modifica- 
tion of behavior or if reinforcements are contingent to a behavior; exam- 
ples are: training for the increase of social competence (Dua 1970) pro- 
grams for modification of health behavior (weight reduction: Tobias and 
MacDonald 1977), stationary psychotherapy (without specification: Gillis 
and lessor 1970), interventions for the management of an acute life crisis 
(Smith 1970) or by token or particularly aligned relaxation programs 
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with systematic employment of social reinforcements with children 
(Nowicki and Barnes 1973; Gutkin 1978). 

Diamond and Shapiro (1973) discuss the possibility that if therapy or 
an intervention serves as a behavioral model, then internalization of the 
participant would be a consequence of modeling. Discussion, suggestion 
or meditation as interventions, in which reinforcements of learned new 
behavior will be experienced only slightly are suitable as planned relaxa- 
tion programs but not particularly for the modification of control beliefs 
(Dua 1970; Page 1975; Zuroff and Schwarz 1978). In no study was the 
change of the control beliefs assessed on a long-term basis. Considera- 
tions of Lau (1982) that locus of control can be changed with difficulty 
do not contradict the empirical results. Lau (1982) summarizes efforts to- 
ward a change of the health locus of control referring to Wallston et al. 
(1981) and Lefcourt (1976) in the following way: “None of these experi- 
ments were successful in changing HLC [Health Locus of Control] beliefs, 
although all were designed to do just that ...” (p 332). At least the global 
locus of control is easier to change than the health-specific one. 

Altogether, it is to be noted that a change of health-specific control be- 
liefs can be meaningful for the increase of the effect of the training thera- 
py. So far there has been no description of an effective way to change 
these area-specific beliefs. Thus, another possibility must be found in or- 
der to make the research results usable in practice. 



Using Health Locus of Control as an Indication Variable 

More effective and less complex than the modification of control beliefs 
is the tailoring of treatment to the patient’s locus of control. Krampen 
(1982) outlined in the framework of psychotherapy, two different kinds of 
indication. Locus of control is important both in a selective indication 
model, according to which patients are suitable for a certain psychother- 
apy, and in an adaptive indication model (Zielke 1979), according to 
which an optimal adjustment of the therapeutic procedure to the charac- 
teristics of the client are aimed (p 177). 

Adaptive indication models due to locus of control of patients worked 
with different forms of the psychotherapy (e.g. Kilmann et al. 1975; Best 
1975; Best and Steffy 1975). For internal clients, those interventions that 
are less structured seem to be effective. For external clients, more struc- 
tured and more organized therapies are effective. 

In the area of medical treatment with and without additional behavior 
modification, such studies are rare. For instance, Wiltse and Rocchio 
(1975) provide a selective indication for disc operations due to the scale 
profiles in the MMPI. Due to the control beliefs, no indication models 
have been set up so far. This is particularly notable, since locus of con- 
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trol has been proved to be a health-relevant variable, e.g. for the behav- 
ior that is important for the success of a training therapy. The establish- 
ment of an indication variable like locus of control would cause an in- 
crease in the effectiveness of the treatment. However, treatment success 
can also be increased with patients who do not profit from behavior 
training programs; for such patients more favorable treatment forms are 
made available. The past studies for the usability of the control beliefs as 
an indication variable are not sufficient however, in order to create a gen- 
eral indication model. In the context of medical treatment, as in the con- 
text of psychological supply, a high degree of responsibility is suggested 
to be given to internal patients. For p-external patients, controlled treat- 
ment seems to be more effective. If such a indication model is developed, 
this not only increases the effectiveness of many treatments; at the same 
time substantial costs could be saved in the health service, because indi- 
vidually ineffective treatments would less frequently be prescribed. 
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